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Abstract of The Dissertation

Acoustically Enhanced Nonaqueous Phase Liquid Remediation

In Porous Media

by

Eric Todd Vogler

Doctor of Philosophy in Civil Engineering

University of California, Irvine, 2003

Constantinos V. Chrysikopoulos, Chair

Groundwater contamination, caused by the presence of dense nonaqueous phase liq-

uids (DNAPLs), remains a remediation challenge due to their low aqueous solubilities

and residual phase immobility. To combat this challenge, the application of acous-

tic waves for remediation of water saturated porous media contaminated by DNAPL

ganglia is proposed and investigated in this study.

Experiments are performed to first determine the effects of acoustic waves on the

transport of a conservative tracer in a water-saturated column packed with glass

beads. From resulting experimental tracer data, the addition of acoustic waves, in

the frequency range between 60 to 245 Hz, to a steady background fluid flow (base

case) is found to enhance solute transport compared to the base case. Furthermore,

the effective velocity of the solute is approximately inversely proportional to the

frequency of the acoustic wave.

Next, the effects of acoustic waves on the dissolution of trichloroethylene (TCE)

DNAPL ganglia in a water saturated column, packed with glass beads are inves-

tigated. Acoustic waves with pressure amplitudes ranging from 0 to 1625 Pa and

frequencies ranging from 0 to 285 Hz are employed to the interstitial fluid at the inlet

of the packed column. Effluent dissolved TCE concentrations are observed to increase

in the presence of acoustic pressure waves compared to the case where TCE dissolution

xxiii



without acoustic waves is monitored. The observed effluent dissolved TCE concentra-

tion increase is attributed to increased mass flux at the TCE-water interface, caused

by acoustic waves. As an extension to the single component ganglia dissolution ex-

periments, the impact of acoustic pressure waves on multicomponent DNAPL ganglia

dissolution is also investigated. The multicomponent ganglia was composed of TCE

and 1,1,2-trichloroethane (1,1,2-TCA) or TCE, 1,1,2-TCA, and tetrachloroethylene

(PCE). Laboratory data from ganglia dissolution experiments with two and three

component NAPL mixtures show that the greatest dissolution enhancement in the

presence of acoustic waves is associated with the NAPL component having the small-

est equilibrium aqueous solubility. Finally, square shaped acoustic waves are shown to

lead to greater NAPL dissolution enhancement compared to sinusoidal and triangular

acoustic waves.

Finally, a pore network consisting of a monolayer of glass beads is used to investigate

the effects of acoustic waves on the dissolution and mobilization of perchlorethylene

(PCE) ganglia. Acoustic waves with frequencies ranging from 75 to 225 Hz at a con-

stant pressure amplitude of 3.68 kPa were applied to the inlet of the monolayer for

dissolution experiments. A pore network numerical model is used to determine the

effective mass transfer coefficient responsible for effluent dissolved phase PCE con-

centrations in the presence and absense of acoustic waves. PCE ganglia mobilization

experiments are conducted using a constant acoustic wave frequency of 125 Hz and

acoustic pressure amplitudes ranging from 0 to 39.07 kPa. Effluent dissolved PCE

concentrations and associated effective mass transfer coefficients are observed to in-

crease in the presence of acoustic waves with the greatest increase occuring at the

lowest frequency employed, 75 Hz. Mobilization experiments show that PCE ganglia

are mobilized at lower flow rates and capillary numbers when acoustic pressure waves

are used. Overall, the results of this study suggest that the use of acoustic waves in

aquifer remediation is a promising alternative method to traditional remediation pro-

cedures particularly for aquifers contaminated with NAPLs containing components

with very low equilibrium aqueous solubilities.
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Chapter 1

INTRODUCTION

1.1 Motivation

The accidental release of nonaqueous phase liquids (NAPLs), such as petroleum hy-

drocarbons or chlorinated solvents, to the subsurface poses a serious risk to human

health because many of these compounds are carcinogenic. Moreover, only a few

parts per billion of certain NAPLs can render groundwater unpotable. The removal

of these compounds from groundwater aquifers is therefore pivotal in maintaining

potable groundwater resources and protecting human health. Unfortunately, the re-

mediation of these compounds, especially dense NAPLs or DNAPLs, has proved to

be very challenging [Khachikian and Harmon, 2000].

DNAPLs, such as the chlorinated solvents: trichloroethylene (TCE), perchloroethy-

lene (PCE), and 1,1,2-trichloroethane (1,1,2-TCA) are denser than water. Because

they are denser than water they have the tendency to sink to deeper portions of

aquifers, given a sufficient contaminant source volume. Once DNAPLs have migrated

to deeper portions of aquifers, often hundreds of meters below ground surface and

the water table, they slowly dissolve and have the potential to pollute large volumes

of groundwater.
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1.2 Current Remediation Methods

1.2.1 Pump–and–Treat

Currently, the most common remediation method for DNAPL contaminated aquifers

is pump–and–treat. The pump–and–treat method involves drilling groundwater ex-

traction wells and pumping large volumes of polluted groundwater that is treated at

the surface. There are two principle drawbacks to the pump–and–treat method. The

first drawback is that most if not all DNAPLs have very low aqueous solubilities.

Because of their low aqueous solubilities their subsequent dissolution is mass transfer

limited [Powers et al., 1991]. The mass transfer limitation results in lengthy (on the

order of tens of years) remediation times where the associated costs are high. The

second drawback is a hydraulic gradient, due to the zone of influence around the

extraction well, that is insufficient for mobilization of the entrapped DNAPL [Wilson

et al., 1990]. To reduce the remediation times and costs associated with pump–and–

treat, alternative remediation methods are needed.

1.2.2 Alternative Remediation Methods

Several alternative remediations methods to pump–and–treat have been proposed

and investigated. For example, the use of cosolvents which enhance dissolution by

making the aqueous phase more similar to the NAPL has been investigated by Rao

et al. [1997] and Brandes and Farley [1993]. Use of surfactants, which reduce in-

terfacial tension and enhance micellular mobilization and dissolution, has also been

investigated [Pennel et al., 1993; Mason and Kueper, 1996; Fortin et al., 1997]. An-

other remediation alternative investigated is the introduction of bacteria that en-

hance the degradation of NAPLs in the subsurface, a process called bioremediation

[Chaudhry, 1994; Seagren et al., 1994]. The addition of humic substances to contam-

inated aquifers, which increases the dissolved mobile organic carbon content of the

groundwater and enhances dissolution has also been investigated [Tatalovich et al.,
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2000]. Unfortunately, there are problems associated with each of these methods, such

as the addition of more substances to the groundwater which must be removed from

the water in addition to the NAPL.

1.3 Research Objectives

The purpose of this work is to investigate the effect of acoustic waves on DNAPL

ganglia dissolution and mobilization. Recent studies have shown that vibration of

porous media can mobilize NAPL ganglia [Reddi and Challa, 1994; Reddi and Wu,

1996; Reddi et al., 1998]. In another investigation, acoustic waves were shown to en-

hance dissolved mass transport in saturated porous media [Vogler and Chrysikopou-

los, 2002]. These are positive indications that the phenomena associated with vibra-

tion and/or acoustic waves may be used for enhanced remediation of DNAPLs.
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Chapter 2

LITERATURE REVIEW

2.1 NAPL Dissolution in Porous Media

The dissolution of nonaqueous phase liquids (NAPLS) in water saturated porous

media is a slow and mass transfer limited process [Khachikian and Harmon, 2000]

attributed to the low aqueous solubilities of NAPLs [Mercer and Cohen, 1990]. A

common method to predict NAPL dissolution rates in water saturated porous media

involves performing laboratory column dissolution experiments with residual NAPL

blobs established following drainage and imbibition displacement [Zhou et al., 2000].

Using steady state dissolved aqueous effluent concentrations from column experi-

ments, correlations relating mass transfer to aqueous phase velocity have been de-

veloped [Powers et al., 1992; Imhoff et al., 1993; Powers et al., 1994]. In addition

to the dependence of mass transfer rates on aqueous phase velocities, these studies

also confirmed mass transfer rates to depend on NAPL saturations and mean particle

size of the porous media which vary widely in heterogeneous media [Powers et al.,

1998]. Investigations of NAPL dissolution in heterogeneous systems has shown that

variability in the effective permeabilities affect the relative volume of water flowing

through the NAPL source zone, the perimeter surface area of the NAPL source affects

the total interfacial area for mass transfer, and decreased mass transfer rates within
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the NAPL source zone due to limited interfacial area and/or increased aqueous flow

rates is the overall rate-limiting mass transfer factor [Nambi and Powers, 2000]. In

addition to heterogeneities in porous media, heterogeneity in NAPL distribution also

contributes to much of the apparent nonequilibrium mass transfer kinetics of NAPL

dissolution [Sorens et al., 1998].

2.1.1 DNAPL Pool Dissolution in Porous Media

Dense nonaqueous phase liquids (DNAPLs) are denser than water and have a ten-

dancy to sink to deeper portions of aquifers. Given enough DNAPL contaminant

source volume exists, pools may form on low permeability layers or bedrock within

aquifers. If this occurs, the lower interfacial areas of pools compared to ganglia, will

produce slower overall dissolution rates [Anderson et al., 1992; Johnson and Pankow,

1992]. Developing mass transfer correlations describing the dissolution of NAPL in

pooled geometry is more difficult than for residual NAPL ganglia and associated

column studies because it is a three-dimensional problem [Kachikian and Harmon,

2000]. However, several investigations have been performed on the dissolution of

NAPL pools [Anderson et al., 1992; Johnson and Pankow, 1992; Voudrias and Yeh,

1994; Chrysikopoulos et al., 1994; Chrysikopoulos, 1995; Longino and Kueper, 1995;

Holman and Javandel, 1996; Mason and Kueper, 1996; Chrysikopoulos and Lee, 1998;

Kim and Chrysikopoulos, 1999 to mention a few]. A point of interest in the research

performed on NAPL pool dissolution is that the aqueous phase concentration bound-

ary layer above the pool is shown to increase from the upstream to downstream

direction resulting in decreasing local mass transfer coefficients along the length of

the NAPL pool [Chrysikopoulos, 1995]. The effect of increasing heterogeneity and

vertical anisotropy on DNAPL pool dissolution was found to decrease the average

mass transfer coefficient in a two-dimensional system [Vogler and Chrysikopoulos,

2001]. In three-dimensions, increasing the variance of log-transformed hydraulic con-

ductivities, representing heterogeneity, was also found to decrease the average mass

transfer coefficient [Bao et al., 2003].
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2.1.2 Multicomponent NAPL Dissolution in Porous Media

The majority of theoretical as well as experimental studies published in the literature

have focused on single component NAPL ganglia and pool dissolution in subsurface

formations [e.g., Johnson and Pankow, 1992; Chrysikopoulos et al., 1994; 2000; Sea-

gren et al., 1999; Holman and Javandel, 1996; Chrysikopoulos and Lee, 1998; Kim and

Chrysikopoulos, 1999; Chrysikopoulos and Kim, 2000; Tatalovich et al., 2000; Vogler

and Chrysikopoulos, 2001; Brusseau et al., 2002; Chrysikopoulos et al., 2002; Dela

Barre et al., 2002; Lee and Chrysikopoulos, 2002; Bao et al., 2003]. However, several

studies are devoted to the investigation of the relatively complex multicomponent

NAPL dissolution in water saturated as well as unsaturated porous formations [e.g.,

Lee and Chrysikopoulos, 1995; 1998; Mukherji et al., 1997; Chrysikopoulos and Lee,

1998; Peters et al., 2000; Gaganis et al., 2002; Eberhardt and Grathwohl, 2002; Roy et

al., 2002; Jawitz et al., 2003]. The various components of a NAPL mixture may have

substantially different water solubilities. Consequently, an important complication

with multicomponent NAPL dissolution is that temporal changes in the equilibrium

solubility of each NAPL component must be accounted for, because the mole frac-

tion and the nonaqueous phase activity coefficient of each component changes as the

composition of the NAPL changes [Banerjee, 1984; Lee and Chrysikopoulos, 1995;

Chrysikopoulos and Lee, 1998; McCray and Dugan, 2002).

2.2 Acoustic Waves in Porous Media

The use of acoustic waves in the remediation of aquifers contaminated with DNAPLs

has yet to be investigated. Currently, only peripheral observations and investigations

have been made or performed suggesting that acoustic waves may be an effective

method for groundwater remediation. Although the theory of elastic wave propaga-

tion in water saturated porous media has been previously established by the work of

Biot [1956a, 1956b], little attention has been given to applying the resulting phenom-

ena to a groundwater remediation technique.
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Wave phenomena in saturated porous media has been investigated and theoretically

explored by the ground breaking work of Biot [1956a, 1956b]. Biot fully developed

and theoretically explored the theory of elastic wave propagation in saturated porous

media. Elastic waves, such as acoustic waves, in porous media are waves that com-

press and rarefy the medium, in this case saturated porous media, without causing

permanent deformation. These elastic waves were theoretically found to propagate

by longitudinal and transverse waves. The waves of importance for this study are

the longitudinal waves because they are of compressional/dilatational nature and not

rotational. It has been shown that there are two longitudinal waves, consisting of a

fast wave and a slow wave, that propagate through the water saturated porous media

[Biot, 1956a; Biot, 1956b; Chandler and Johnson, 1981; Geerits and Kelder, 1997;

Parra and Xu, 1994].

2.2.1 Wave Propagation

Longitudinal fast waves that propagate through saturated porous media, per Biot’s

theory [1956a, 1956b], do so by compressing the fluid and solid fractions in phase.

The slow wave is described by a compressional wave propagating through the porous

media where the oscillatory motion of the interstitial pore fluid and solid matrix are

out of phase. Experiments conducted in shock tubes to explore these theories have

shown that for the fast wave, both the fluid phase and porous media skeleton are

compressed, but in the slow wave the fluid is compressed and the skeleton is extended

[Van der Grinten et al., 1985; Van der Grinten et al., 1987; Sniekers et al., 1989].

The phenomena of the porous media matrix and the pore fluid being out of phase

for the slow wave produces an additional interstial pore water velocity. This mo-

tion/velocity resulting from the out of phase “slow” wave is diffusive in nature and as

a diffusive wave has very interesting properties. These properties, for example, follow

the accumulation–depletion law at interfaces instead of the reflection–refraction law of

normal waves and have an infinite speed of field propagation, though with vanishingly

small amplitudes with increasing distances away from the source [Mandelis, 2000]. All
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of these phenomena, however, result in an additional fluid velocity, specifically for the

slow wave and the fast wave with a constant background flow component.

2.2.2 Effects on Pore Fluid

The study of oscillatory pore fluid velocity and its properties has been investigated

in several studies. For example, Biot [1956b] addressed the breakdown of Poiseuille

flow at elastic wave frequencies greater than approximately 100 Hz and determined

that the friction factor between the pore fluid and pore walls increases with increas-

ing frequency of the elastic wave. In a similar study, Qian [1998] investigated the

dynamic properties of viscosity in porous media and found that the effective viscosity

increases with increasing acoustic frequency. Zhou and Sheng [1989] reported that

the permeability of a porous medium decreases with increasing elastic wave frequency.

Cherskiy et al. [1977] performed experiments on rock core samples and determined

that the permeability increases with increasing sound intensity caused by a possible

destruction of water films within the pore spaces. However, it should be noted that

Biot [1956b], Qian [1998], and Zhou and Sheng [1989] did not consider a background

steady flow component which was experimentally accounted for by Cherskiy et al.

[1977].

2.3 Acoustic Enhanced Mass Transfer

The effects of oscillatory fluid motion, such as acoustic waves, on mass transfer have

only recently been investigated. For example, using a single oscillating aerocolloidal

droplet, evaporation rates have been reported to be as much as five times the rate

for evaporation in a stagnant gas [Zhu et al., 2002]. In a similar study, heat and

mass transfer from pulvarized coal particles and coal-water slurry fuel droplets were

observed to increase by up to 290% by applying a high intensity acoustic field [Ha

and Yavuzkurt, 1993a; Ha and Yavuzkurt, 1993b]. Heat transfer from a flat plate has
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also been experimentally shown to increase by approximately an order of magnitude

when using infrasound compared to natural convection [Preston and Johnson, 1997].

However, no investigations have been performed showing the effects of acoustic waves

or oscillatory flow on enhanced mass transfer in porous media.

2.4 Acoustic Mobilization Mechanisms

There two known NAPL mobilization mechanisms that are associated with acoustics.

The first method involves vibrating the porous media [Reddi and Challa, 1994; Reddi

and Wu, 1996; Reddi et al., 1998]. It has been shown that when vibrational forces

result in the compaction of sand, viscous pressures are responsible for splitting ganglia

whereas the buoyancy pressures increase the maximum sustainable NAPL ganglia

length. The reverse was observed when dillatation of the soil pores occurred, which

increased porosity [Reddi and Wu, 1996]. However, the application and research of

vibratory mobilization has been limited to light nonaqueous phase liquids (LNAPLs),

which tend to reside in shallow portions of aquifers such as the vadoze zone and at

the water table. Since DNAPLs have the potential to contaminate deeper portions

of the aquifer, the application of vibratory mobilization at greater depths would be

limited by overburden stress of aquifer material.

Recently, the resonation of NAPL menisci have been investigated as a means of reme-

diation. For example, the effects of oscillatory flow in a capillary tube on the meniscus

of two imiscible fluids has been shown to depend on the amplitude and frequency of

the flow field [Hilpert et al., 1996]. From this research three basic types of possi-

ble meniscus motion have been determined; pinned oscillations at low amplitudes,

pinned oscillations and contact line sliding at high amplitudes and low frequencies,

and pinned oscillations at high amplitudes and high frequencies [Hilpert et al., 1996].

If high amplitudes and low frequencies are used, it has been shown that the meniscus

physically moves. Considering the two-phase liquid capillary column as porous me-

dia saturated with water and DNAPL, the use of acoustic waves may mobilize and
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enhance aquifer DNAPL ganglia and blob remediation where the DNAPL is immobi-

lized in pore spaces due to interfacial tensions and corresponding capillary pressures.

However, no experiments or investigations have been performed in porous media.
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Chapter 3

ACOUSTIC ENHANCED MASS

TRANSPORT

3.1 Mathematical Formulation

The one–dimensional transport of a non-sorbing solute or a conservative tracer in

water saturated porous media under a constant hydraulic gradient can be described

by the following linear, second–order partial differential equation:

∂C(x, t)

∂t
= −Ue

∂C(x, t)

∂x
+ De

∂2C(x, t)

∂x2
, (3.1)

where C is the liquid phase solute concentration [M/L3]; t is time [t]; Ue is the effec-

tive interstitial fluid velocity [L/t]; and De is the effective hydrodynamic dispersion

coefficient [L2/t]. The effective interstitial fluid velocity is defined as

Ue = U + U∗, (3.2)

where U is the steady state, background interstitial fluid velocity [L/t] and U∗ is the

additional velocity component attributed to acoustic pressure [L/t]. Similarly, the

effective dispersion coefficient is defined

De = D + D∗ = (U + U∗)αL +De = UeαL +De, (3.3)
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where D = UαL + De is the hydrodynamic dispersion coefficient [L2/t]; αL is the

longitudinal dispersivity [L]; De = D/τ ∗ is the effective molecular diffusion coefficient

[L2/t] (where D is the molecular diffusion coefficient [L2/t], and τ ∗ > 1 is the tor-

tuosity coefficient [-]); and D∗ is the additional dispersion component attributed to

acoustic pressure [L2/t]. It should be noted that the concept of effective parameters

has been applied in numerous groundwater flow and solute transport studies [Valocchi,

1989; Chrysikopoulos et al., 1990, 1992; Kabala and Sposito, 1991; Chrysikopoulos,

1995]

For a finite system, the following initial and boundary conditions can be used [Kreft

and Zuber, 1978]

C(x, 0) = 0, (3.4)

−De
∂C(0, t)

∂x
+ UeC(0, t) = M0δ(t), (3.5)

−De
∂C(L, t)

∂x
+ UeC(L, t) = UeCf , (3.6)

where M0 = M/Acθ is the mass injected over the cross sectional area of the column

(where M is the injected mass [M], Ac is the cross sectional area of the porous medium

[L2], and θ is porosity [-]); δ is the Dirac delta function [1/t]; and Cf is the effluent

flux concentration [M/L3]. It should be noted that C corresponds to the in situ

or resident concentration, whereas Cf is the flux concentration defined as the ratio

of the solute mass flux to the volumetric fluid flux [Kreft and Zuber, 1978]. Initial

condition (3.4) establishes a zero background concentration. Boundary condition (3.5)

describes the flux influent pulse concentration. Boundary condition (3.6) describes

the flux effluent solute concentration at the end of the packed column x = L. The

solution to the governing equation (3.1) subject to conditions (3.4)–(3.6), for the

effluent concentration of a one–dimensional packed column of length L is obtained by

straightforward Laplace transform procedures to yield:

C(x, t) =
xM0

2Uet

(
1

πDet

)1/2

exp

[
− 1

4Det

(
x− Uet

)2
]
. (3.7)

It should be noted that an analytical solution to a slightly different mathematical

model than the one examined in this study has been previously presented in the
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literature [DeSmedt and Wierenga, 1979].

3.2 Experimental Design

The effect of acoustic waves on solute transport in water saturated porous media was

investigated in this study by injecting a bromide tracer pulse into a 30 cm long glass

laboratory column with a 2.5 cm inner diameter (Kimble Kontes, New Jersey). The

column was packed with 2 mm diameter glass beads (Fisher Scientific, Pennsylvania)

that were retained in the column with teflon screens placed on both the influent and

effluent sides of the column. The teflon column end caps were milled to accommo-

date 1/4 inch stainless steel fittings (Swageloc) for 3/8 inch semi–rigid plastic tubing

(Fisher Scientific, Pennsylvania). Constant flow of degassed Millipore water at a rate

of 1.48 ml/min was maintained through the packed column with a microprocessor

pump drive (Cole Palmer Instrument Co., Illinois). Acoustic pressure was introduced

into the column through the plastic tubing with a specially designed reservoir contain-

ing a pressure transducer (TST37; Clark Sythesis, Colorado). The frequency of the

acoustic pressure oscillation was controlled by a frequency generator (LG Precision,

California). Acoustic pressure levels were controlled by an amplifier (Lab Gruppen,

Sweden) and measured with a PCB106b pressure sensor in conjunction with a signal

conditioner (PCB Piezotronics, Inc., New York) and a digital multimeter (Metex, Ko-

rea). Effluent samples were collected from a dedicated needle (sampling port) within

the effluent tube. A complete schematic of the experimental apparatus employed in

this study is shown in Figure 3.1.

The tracer solution was prepared by dissolving 256 mg of potassium bromide salt

(KBr) (Fisher Scientific, Pennsylvania) into a liter of total solution volume to yield

a final Br− concentration of 172 mg/L. Alkali halides are the most commonly used

salts for subsurface fluid tracing [Chrysikopoulos, 1993]. A slug of 0.6 mL of the

tracer solution was instantaneously injected into the column by a side injection port

midway down the column. Sample effluent volumes of 0.8 mL were collected at regular
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Figure 3.1: Experimental apparatus.

intervals using disposable 1.0 mL tuburculin plastic syringes (Becton Dickinson & Co.,

New Jersey). The Br− concentrations of the liquid samples were determined using a

Dionex DX–120 ion chromatograph (Dionex, California). The base case experiment

was first conducted to determine background U , and αL in the absence of acoustic

waves (0 Hz). Subsequently, flowthrough experiments were conducted using the same

procedure described for the base case, but in the presence of acoustic waves at ten

different preselected acoustic frequencies.

3.3 Experimental Results

The experimental Br− breakthrough data for the base case are presented in Figure 3.2

(solid circles) together with the breakthrough data collected in the presence of acoustic

waves with frequency 60 Hz (open circles). Clearly, the presence of acoustic waves

leads to a faster breakthrough of the conservative tracer. The nonlinear regression

subroutine mrqmin [Press et al., 1992] was employed to estimate the dispersivity of
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the packed column αL = 0.117 cm and the steady state background interstitial fluid

velocity U = 0.644 cm/min, by fitting the analytical solution derived in this work,

(3.7), to the experimental breakthrough data for the base case.
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Figure 3.2: Tracer (Br−) concentration breakthrough data (solid circles) and fitted
model (solid curve) in the absence of acoustic pressure (base case) compared to break-
through data (open circles) and fitted model (dashed curve) obtained in the presence
of acoustic pressure at 60 Hz.

The effective molecular diffusion coefficient of Br− used for the nonlinear regression

procedure is De = D/τ ∗ = 8.62 × 10−4 cm2/min, or equivalently D = 1.2067 ×
10−3 cm2/min [Domenico and Schwartz, 1990], and τ ∗ = 1.4 [de Marsily, 1986].

Subsequently, the same fitting procedure was employed to determine the effective

velocity (Ue), using a fixed value of αL, for each of the ten different breakthrough

data sets collected in this study in the presence of acoustic waves. The estimated

effective velocity for the base case and the ten different frequencies ranging from

0 to 245 Hz at a constant pressure amplitude of 565 Pa are shown in Figure 3.3.

The estimated effective dispersion coefficient for the base case and the ten different

acoustic frequencies are shown in Figure 3.4. It should be noted that the values in

Figure 3.4 were obtained directly from from (3.3) using the Ue values presented in

15



0.62

0.64

0.66

0.68

0.70

0.72

U
e 

(c
m

/m
in

)

0 50 100 150 200 250

Frequency (Hz)

Figure 3.3: Experimentally determined effective velocity (solid squares) for various
acoustic pressure frequencies. The dashed line represents the case of no acoustic waves
present (base case).

Figure 3.3.

Obviously, acoustic waves, particularly at low frequencies, enhance the tracer velocity

and consequently enhance tracer dispersion (see Equation (3.3)). It should also be

noted that due to experimental limitations in the low acoustic frequency range, no

characteristic acoustic wave frequency was found to produce a maximum enhancement

of the tracer transport. However, the enhanced interstitial fluid velocity appears to

be approximately inversely proportional to the acoustic frequency.

3.4 Summary

The experimental Br− breakthrough data collected in this study indicate that acous-

tic waves enhance the transport of solutes in water saturated porous media. The

degree of solute transport enhancement was found to be inversely proportional to the

acoustic wave frequency. Due to experimental limitations, the characteristic acoustic
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Figure 3.4: Effective dispersion coefficient (open squares) for various acoustic pressure
frequencies. The dashed line represents the case of no acoustic waves present (base
case).

wave frequency leading to a maximum enhancement of solute transport was not de-

termined. However, it is assumed that this characteristic acoustic frequency, for the

experimental conditions considered in this study, is within the range of the lowest

frequency examined (60 Hz) and the base case (0 Hz). The experimental results sug-

gest that further research should be undertaken to discern the governing mechanisms

responsible for the enhanced transport phenomenon. The preliminary findings of this

study however, may be regarded as the initial step to the development of a clean

groundwater remediation method as an alternative to currently available remediation

methods.
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Chapter 4

ACOUSTIC ENHANCED DNAPL

DISSOLUTION

4.1 Mathematical Developments

Acoustic wave propagation through one–dimensional, water saturated porous media,

assuming the interstitial fluid and solid matrix are incompressible, may be described

by the following two equations that account for the motion of the interstitial fluid

and solid matrix, and a mass conservation equation [de Boer et al., 1993]:

(λ+2µ)
∂2ξs(t, x)

∂x2
−(1−θ)

∂p(t, x)

∂x
−ρs

∂2ξs(t, x)

∂t2
+S

[
∂ξf (t, x)

∂t
− ∂ξs(t, x)

∂t

]
= 0, (4.1)

−θ
∂p(t, x)

∂x
− ρf

∂2ξf (t, x)

∂t2
− S

[
∂ξf (t, x)

∂t
− ∂ξs(t, x)

∂t

]
= 0, (4.2)

(1− θ)
∂2ξs(t, x)

∂t∂x
+ θ

∂2ξf (t, x)

∂t∂x
= 0, (4.3)

where µ and λ are the solid matrix Lamé constants, representing the shear modulus

and the bulk modulus less 2/3 of the shear modulus, respectively; ξs is the solid dis-

placement; ξf is the fluid displacement; x denotes spacial coordinate in the direction

of flow; θ is the fluid volume fraction or porosity of the porous medium; (1 − θ) is

the volume fraction of solids per unit volume of the porous medium; p denotes fluid
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pressure; t is time; ρs = (1− θ)ρsolid is the solid bulk density (where ρsolid is the solid

density); ρf = θρH2O is the fluid bulk density (where ρH2O is the water density); S

is a function that relates the extra stress due to the relative movement between the

solid and fluid [de Boer and Ehlers, 1990]

S =
θ2γ

K
, (4.4)

where γ is the specific weight of the fluid; and K is the hydraulic conductivity of the

porous medium.

Assuming that there is no initial displacement or velocity for the fluid and solid

matrix, the appropriate initial conditions considered here are:

ξs(0, x) = ξf (x, 0) = 0, (4.5)

∂ξs(0, x)

∂t
=

∂ξf (0, x)

∂t
= 0. (4.6)

Furthermore, assuming that the porous medium is semi-infinite, the boundary con-

ditions for the solid and fluid phases are given by:

σ(t, 0) = (1− θ)f(t) = (2µ + λ)
dξs

dx
, (4.7)

σ(∞, t) = p(t,∞) = 0, (4.8)

where σ is solid stress caused by the interaction between solid and fluid movement

[de Boer et al., 1993] and f(t) is an acoustic pressure source function. Boundary

condition (4.7) equates the stress of the solid matrix and the pressure of the fluid at

the acoustic source boundary.

The solution to the boundary value mathematical problem described is obtained with

the methods of de Boer et al. [1993] who have examined the governing differential

equations (4.1)-(4.3) for a different set of boundary conditions. Taking Laplace trans-

forms of (4.1)-(4.3) with respect to time variable t, and employing initial conditions

(4.5) and (4.6), leads to the following set of equations:

(λ + 2µ)
d2ξ̃s(ν, x)

dx2
− (1− θ)

dp̃(ν, x)

dx
− (ρsν

2 + Sν)ξ̃s(ν, x) + Sνξ̃f (ν, x) = 0, (4.9)
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−θ
dp̃(ν, x)

dx
− (ρfν

2 + Sν)ξ̃f (ν, x) + Sνξ̃s(ν, x) = 0, (4.10)

(1− θ)ν
dξ̃s(ν, x)

dx
+ θν

dξ̃f (ν, x)

dx
= 0, (4.11)

where the “tilde” signifies Laplace transform defined as

L[κ(t)] = κ̃(ν) =
∫ ∞
0

κe−νtdt, (4.12)

κ is a dummy variable, and ν is the Laplace transform parameter. Placing (4.9)

through (4.11) into matrix notation results in

F
d2m

dx2
+ G

dm

dx
+ Hm = 0, (4.13)

where

m =
[
ξ̃s(ν, x), ξ̃f (ν, x), p̃(ν, x)

]T
, (4.14)

the superscript T indicates transpose, and matrices F, G, and H are:

F =




λ + 2µ 0 0

0 0 0

0 0 0


 (4.15)

G =




0 0 −(1− θ)

0 0 −θ

(1− θ)ν θν 0


 , (4.16)

H =



−ρsν

2 − Sν Sν 0

Sν −ρfν
2 − Sν 0

0 0 0


 . (4.17)

Assuming a trial solution for m in the form

m = m0e
αx, (4.18)

where m0 and α are functions of the Laplace transform parameter ν. Substitution of

(4.18) into (4.13) results in the following eigenvalue problem

(α2F + αG + H)m0e
αx = 0. (4.19)
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The eigenvalues are determined from the characteristic equation

|α2F + αG + H| = α2{(λ + 2µ)θ2α2 −
[
(1− θ)2ρf + θ2ρs

]
ν2 − Sν} = 0, (4.20)

where the latter formulation in the preceding expression is the consequence of substi-

tution of (4.15)-(4.17) followed by determinant evaluation. The roots or eigenvalues

of the characteristic equation are:

α1 = (Ω1ν
2 + Ω2ν)1/2, (4.21)

α2 = −(Ω1ν
2 + Ω2ν)1/2, (4.22)

α3 = α4 = 0, (4.23)

where

Ω1 =
(1− θ)2ρf + θ2ρs

(λ + 2µ)θ2
, (4.24)

Ω2 =
S

(λ + 2µ)θ2
. (4.25)

Consequently, the corresponding eigenvectors are:

q1 =

[
−θ

(1− θ)
, 1,

−(1− θ)ρfν
2 − Sν

(1− θ)θ(Ω1ν2 + Ω2ν)1/2

]T

, (4.26)

q2 =

[
−θ

(1− θ)
, 1,

(1− θ)ρfν
2 + Sν

(1− θ)θ(Ω1ν2 + Ω2ν)1/2

]T

, (4.27)

q3 = q4 =
[

0, 0, 1

]T

. (4.28)

The Laplace domain solution can be expressed as

m = A1q1e
α1x + A2q2e

α2x + A3q3 + A4xq4, (4.29)

where A1, . . . , A4 are the Laplace domain constants to be determined. In view of

boundary condition (4.8), it is evident that the solution can be finite at x→∞ only

if A1 = A4 = 0. Thus, the Laplace domain solution reduces to

m = A2q2e
α2x + A3q3. (4.30)
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In view of (4.14), (4.27), (4.28), and boundary condition (4.7), the constants A2 and

A3 are determined as:

A2 = f̃(ν)
(1− θ)2

θ(λ + 2µ)(Ω1ν2 + Ω2ν)1/2
, (4.31)

A3 = f̃(ν)

[
θ − (1− θ)3ρfν

2 + (1− θ)2Sν

θ2(1− θ)(λ + 2µ)(Ω1ν2 + Ω2ν)

]
. (4.32)

Consequently, the Laplace domain solutions for ξ̃s(ν, x) and ξ̃f (ν, x) can be expressed

as

ξ̃s(ν, x) =
(θ − 1)

(2µ + λ)
f̃(ν)Ψ̃(ν, x), (4.33)

ξ̃f (ν, x) =
(1− θ)2

θ(2µ + λ)
f̃(ν)Ψ̃(ν, x), (4.34)

where

Ψ̃(ν, x) =
exp

[
−(Ω1ν

2 + Ω2ν)1/2x
]

(Ω1ν2 + Ω2ν)1/2
. (4.35)

Taking the Laplace inverse transformation of (4.33) and (4.34) yields

ξs(t, x) =
(θ − 1)

Ω
1/2
1 (λ + 2µ)

∫ t

0
f(t−τ) exp

[
− Ω2

2Ω1

τ
]
I0

[
Ω2(τ

2 − Ω1x
2)1/2

2Ω1

]
H(τ−Ω

1/2
1 x)dτ,

(4.36)

ξf (t, x) =
(1− θ)2

Ω
1/2
1 θ(λ + 2µ)

∫ t

0
f(t−τ) exp

[
− Ω2

2Ω1

τ
]
I0

[
Ω2(τ

2 − Ω1x
2)1/2

2Ω1

]
H(τ−Ω

1/2
1 x)dτ,

(4.37)

where the following Laplace inversion identities were utilized [Abramowitz and Ste-

gun, 1965, p.1027]:

L−1{g̃1(ν)g̃2(ν)} =
∫ t

0
g1(τ)g2(t− τ)dτ, (4.38)

L−1{Ψ̃(ν, x)} =
1

Ω
1/2
1

exp
[
− Ω2

2Ω1

t
]
I0

[
Ω2(t

2 − Ω1x
2)1/2

2Ω1

]
H(t− Ω

1/2
1 x), (4.39)

where L−1 is the Laplace inverse operator, I0 is the modified Bessel function of zero

order and H is the unit step function or Heaviside function. The solution for the

fluid pressure is not presented here because it is just the Lagrangian multiplier of the

fluid and solid displacements [de Boer and Ehlers, 1990] and it is not required in the

present study.
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The fluid displacement relative to the solid displacement may be written as

ξr(t, x) = ξf (t, x)− ξs(t, x). (4.40)

Furthermore, a time and space dependent relative fluid velocity, Ur(t, x), may be de-

termined by differentiating (4.40) with respect to time. Because Ur(t, x) = dξr(t, x)/dt

is a function of acoustic pressure and frequency which may vary between different ex-

periments, the acoustic Reynolds number [Ha and Yavuzkurt, 1993a,b]

Rea =
Urad

η
(4.41)

where Ura is the maximum value or amplitude of the oscillatory interstitial pore water

velocity over one period of oscillation (1/φ, where φ is the acoustic wave frequency),

d is the mean grain diameter of the porous medium, and η is the kinematic fluid

viscosity, will be used in this study for consistent comparison of our experimental

data.

Figure 4.1 presents model simulations for fluid and solid displacements in water sat-

urated columns packed with 1 mm (dashed curves) and 2 mm (solid curves) beads

for the following acoustic source function

f(t) = ps sin(ωt), (4.42)

where ps is the acoustic source fluid pressure, and ω = 2πφ is the angular frequency.

The curves are generated with the analytical solutions for ξs(t, x) and ξf (t, x), (4.36)

and (4.37), respectively, where the integrals were evaluated numerically with IMSL

subroutine dqdag [IMSL, 1991]. All of the model parameters employed are listed in

Table 4.1. The displacements are evaluated at a location x=0.15 m downstream from

the acoustic source with ps=1 Pa and φ=225 Hz. Note that positive (ξs, ξf > 0) and

negative (ξs, ξf < 0) displacements refer to directions away and toward the acoustic

source, respectively. The solid displacements for the case of 2 mm beads is observed to

be greater than for the case of 1 mm beads (Figure 4.1a). The same trend is observed

in the simulations of the fluid displacement (Figure 4.1b). Comparison of Figures

4.1a and 4.1b indicates that the magnitude of the fluid displacement is greater than
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that of the solid displacement. In addition, the equilibrium position, which refers to

the position of the center of the oscillatory displacement, is initially located toward

the acoustic source (negative displacement) for ξs and away from the acoustic source

(positive displacement) for ξf . However, the equilibrium positions for both ξs and ξf

are progressively shifted towards the zero displacement position (ξs = ξf = 0).
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Figure 4.1: Simulated (a) solid and (b) fluid displacements as a function of time at
x=0.15 m for an acoustic wave source with φ=225 Hz and ps=1 Pa. Dashed and solid
curves represent column packings of 1 and 2 mm beads, respectively.
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Table 4.1: Column Packing Material and Fluid Properties

Parameter Values
K† 6.158× 10−2 m/s (for 1 mm beads)
K† 2.463× 10−1 m/s (for 2 mm beads)
θ 0.40

ρH2O 1000.0 Kg/m3

ρbead 2330.0 Kg/m3

ρf† 400.0 Kg/m3

ρs 1398.0 Kg/m3

η† 1.0037× 10−6 m2/s
λb 5.5833× 106 N/m2

µb 8.375× 106 N/m2

γ 1.0× 105 N/m3

† for water at 20 ◦C
‡ Adopted from de Boers et al. [1993]

The dependence of the acoustic Reynolds number, Rea, on the distance from the

acoustic source, x, acoustic wave frequency, φ, and acoustic source fluid pressure, ps,

is illustrated in Figure 4.2. The parameter Ura , present in the Rea expression (4.41),

is obtained by numerical approximation of the derivative dξr(t, x)/dt and evaluation

of its maximum value over a period of acoustic wave oscillation, 1/φ. The term

ξr(t, x) is evaluated from (4.40) with ξs(t, x) and ξf (t, x) provided by the theoretically

derived expressions (4.36) and (4.37), respectively. The simulations in Figure 4.2a

indicate that Rea decreases with increasing x. Figure 4.2b shows that Rea reaches

an asymptotic value with increasing φ. Figure 4.2c shows that Rea increases linearly

with increasing ps. It should be noted that the Rea values are consistently higher for

the column packed with 2 mm beads (solid curves) than 1 mm beads (dashed curves).

This is attributed to greater hydraulic conductivities and consequently, less viscous

losses in the column with the greater bead size packing, due to smaller total bead

surface areas per unit volume.

25



0.0

5.0

10.0

15.0

R
e a

 x
 1

0-
3

0.0 0.5 1.0 1.5 2.0
x (m)

0.0

0.2

0.5

0.8

1.0

1.2

1.5

R
e a

 x
 1

0-
2

0 250 500 750 1000

φ (Hz)

0.0

5.0

10.0

15.0

20.0

25.0

R
e a

0 500 1000 1500 2000

ps (Pa)

( a )

( b )

( c )

Figure 4.2: Acoustic Reynolds number as a function of (a) x, (b) φ, and (c) ps (here
x=0.15 m, φ=225 Hz, ps=1 Pa). Dashed and solid curves represent column packings
of 1 and 2 mm beads, respectively.
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4.2 Experimental Procedures

The effect of acoustic pressure waves on mass transfer from a DNAPL blob in sat-

urated porous media was investigated by conducting flowthrough dissolution experi-

ments in a 30 cm long glass laboratory column with a 2.5 cm inner diameter (Kimble

Kontes, New Jersey). The column was packed with either 1 or 2 mm diameter soda

lime glass beads with a density of 2.33 g/cm3 (Fisher Scientific, Pennsylvania). The

beads were retained in the column using teflon screens and end caps on both the

influent and effluent sides of the column. The teflon column end caps were milled to

accommodate 1/4 inch stainless steel fittings (Swageloc) for 3/8 inch semi–rigid plas-

tic tubing (Fisher Scientific, Pennsylvania). Constant flow of degassed Millipore water

at 3.25 mL/min was maintained through the packed column with a microprocessor

pump drive (Cole Palmer Instrument Co., Illinois). Acoustic pressure was introduced

into the column using a custom designed acoustic reservoir containing a pressure

transducer (TST37; Clark Sythesis, Colorado). The frequency of the acoustic pres-

sure oscillation was controlled by a frequency generator (LG Precision, California).

Acoustic pressure levels were controlled by an amplifier (Lab Gruppen, Sweden) and

measured using PCB106b pressure sensors (PCB Piezotronics, Inc., New York). One

pressure sensor was installed in the acoustic reservoir to measure the acoustic source

pressure. Another sensor was placed in the effluent line, just after the packed column,

to measure the effluent pressure as close to the packed column as possible. Pressure

sensor measurements were made using a signal conditioner (PCB Piezotronics, Inc.,

New York) in addition to a digital multimeter (Metex, Korea) and oscilloscope (EZ

Digital Co., Ltd, Korea). A complete schematic of the experimental apparatus is

shown in Figure 4.3.

Effluent samples (0.15 mL) were collected from a dedicated needle within the effluent

tube (sample port) at regular 10 minute intervals using disposable 1.0 mL tuberculin

plastic syringes (Becton Dickinson & Co., New Jersey). The samples were imme-

diately introduced into 2 mL vials (Kimble Glass, New Jersey) containing a known

volume of n-pentane (Fisher Scientific, Pennsylvania). The TCE concentrations of
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Figure 4.3: Dissolution experiment schematic.

the liquid samples were determined using a Hewlett Packard 5890 Series II gas chro-

matograph with an electron caption detector.

DNAPL dissolution experiments were initiated by injecting 0.05 mL of TCE (Fisher

Scientific, Pennsylvania) dyed red with oil red EGN (Aldrich Chemical Co., Wiscon-

sin) into a side injection port in the middle of the packed column and allowed to

equilibrate to flow conditions within the packed column. Preliminary TCE dissolu-

tion experiments, in the absence of acoustic waves (base case) suggested that 5 pore

volumes are sufficient to achieve a relatively steady effluent concentration. Moreover,

it was observed that the effluent concentration remained relatively constant for over

30 pore volumes, greatly exceeding the time scale of the experiments performed in

28



this study. To assess the effect of acoustic waves on NAPL dissolution, a range of

acoustic frequencies and amplitudes were applied at 60 minute intervals following a

120 minute period of flow without acoustic pressure.

4.3 Results and Discussion

Dissolution experiments were conducted with acoustic wave frequencies ranging from

0 (base case) to 285 Hz using a constant acoustic source fluid pressure amplitude of

ps=812 Pa. Two columns packed with 1 and 2 mm beads, respectively, were employed.

Experiments were also conducted using a constant acoustic wave frequency of φ=245

Hz with acoustic source fluid pressures ranging from 0 (base case) to 1,625 Pa. A set

of experimental data for the 2 mm bead column packing with ps=812 Pa at φ=225 Hz

are presented in Figure 4.4. The dissolved TCE effluent concentration is observed to

increase significantly during the engagement of acoustic waves, as shown in the shaded

area of Figure 4.4. It should also be noted that the effluent concentration returns to

the original base case value after the acoustic pressure is discontinued. The enhanced

dissolution observed is attributed to small scale displacement oscillations. These

oscillations are responsible for an oscillatory pore water velocity that is sufficient to

change the pore scale concentration gradient over the individual TCE-water interfacial

areas.

A second acoustic wave mechanism that could have contributed to the enhancement

of dissolved TCE effluent concentrations may be a physical change in the injected

TCE blob configuration, which is observed in previous vibration studies [Reddi et

al., 1998]. This change in DNAPL blob configuration is referred to as the snap–off

mechanism which causes DNAPL blobs to snap–off in individual pore bodies and

consequently leads to increased DNAPL–water interfacial areas [Chatzis et al., 1983;

Mohanty et al., 1987; Morrow et al., 1988]. However, effluent concentrations are

observed to return to base case values as soon as acoustic pressures were discontinued
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Figure 4.4: Effluent dissolved TCE concentrations from a column packed with 2 mm
beads in the presence (shaded area) and absence of acoustic waves (here φ=225 Hz,
ps=812 Pa). Closed circles represent the base case (no acoustic pressure) and open
circles in the grey shaded region represent portions of the experiment where acoustic
waves are present. The bars indicate experimental error.

(see Figure 4.4). Therefore, snap–off doesn’t occur during the experiments conducted

in this study, and it can not be responsible for the observed increase in effluent

concentrations due to the addition of acoustic waves.

In order to clearly present in a single plot the results from the various TCE dissolution

experiments conducted in this study, the experimental data are expressed as the

average percent change in effluent concentration

∆C =
Ca − Cb

Cb

, (4.43)

where Ca is the average of the effluent concentrations determined for the last 3 sam-

ples (1.66 pore volumes) collected in the presence of acoustic waves from each TCE

dissolution experiment, and Cb is the average of the last 3 samples collected in the

absence of acoustic waves. The complete set of the experimental data collected are

shown in Figure 4.5a. Note that each symbol in Figure 4.5a represents a different
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TCE dissolution experiment. The greatest observed change in effluent dissolved TCE

concentration due to the addition of acoustic waves is ∆C=120 and 96% for the 1

and 2 mm bead column packings, respectively, and occurs at φ=225 Hz. Another

major ∆C peak occurs at φ=161 Hz. The cause of the observed ∆C peaks may

be attributed to different pressures within the packed column. Although a constant

acoustic source fluid pressure of ps=812 Pa is employed here, as shown in Figure 4.5b,

the effluent fluid pressures, pe, are not constant for the different frequencies used. It

should also be noted that ∆C is consistently greater for 1 mm beads than the 2 mm

beads. This is attributed to greater TCE-water interfacial areas associated with the

smaller bead size column packing.

0

1000

2000

3000

4000
p e

 (
P

a)

0 50 100 150 200 250 300

φ (Hz)

0

20

40

60

80

100

120

140

 ∆
C

 (
%

)

0 50 100 150 200 250 300

φ (Hz)

( a ) ( b )

Figure 4.5: Effect of φ on (a) percent change in effluent dissolved TCE concentration,
and (b) effluent fluid pressure (here ps=812 Pa). Circles with dashed lines and squares
with solid lines represent column packings of 1 and 2 mm beads, respectively.

Furthermore, comparison of Figures 4.5a and 4.5b shows that pe follows the same

trend as ∆C. The effluent fluid pressures are greater for the 1 mm bead than 2 mm

bead column packing. A possible explanation for this is that smaller beads lead to

better column packing. Furthermore, the observed pe peaks for the different φ values

employed with constant ps may be caused by the presence of standing waves that can

lead to location dependent acoustic pressure.

The effect of the acoustic source fluid pressure for a constant frequency of φ=245 Hz

31



on ∆C is shown in Figure 4.6, where the dotted and solid lines are the best linear

fits for columns packed with 1 and 2 mm beads, respectively. Clearly, ∆C increases

with increasing ps. Furthermore, with the exception of the data collected at ps=

1,625 Pa, ∆C is greater for the column packed with 1 mm beads than 2 mm beads.

Note that two experiments were performed with the column packed with 2 mm beads

at approximately ps=800 Pa and the results were practically identical. This is an

indication of the good experimental reproducibility.
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Figure 4.6: Percent change in effluent dissolved TCE concentration as a function of
ps (here φ=245 Hz). Circles with best fit dashed lines and squares with solid best fit
lines represent column packings of 1 and 2 mm beads, respectively.

Figure 4.7 illustrates the effect of φ and ps expressed as Rea on ∆C. The dotted

and solid lines correspond to the best linear fits for columns packed with 1 and 2

mm beads, respectively. Clearly, the results suggest that the TCE dissolution rate is

proportional to Rea or equivalently to the acoustically induced oscillatory pore water

velocity. This is in agreement with previous studies suggesting that NAPL dissolution

rates depend on the interstitial pore water velocity [Powers et al., 1994; Zhou et al.,

2000; Chrysikopoulos, 1995; Vogler and Chrysikopoulos, 2001; Bao et al., 2003].
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4.4 Summary

The effect of acoustic pressure waves on TCE ganglia dissolution in a water saturated

column packed with glass beads is examined theoretically and experimentally. A

mathematical model is developed to determine the acoustically induced pore fluid dis-

placement relative to the solid matrix displacement. The acoustic Reynolds number

is observed to decrease with increasing x, reach an asymptotic value with increasing

φ, and increase linearly with increasing ps. The experimental TCE dissolution data

show that the oscillatory pore water velocity caused by the acoustic pressure waves

leads to over a 100% increase in the effluent dissolved TCE concentrations. The in-

crease in effluent concentrations is found to be proportional to the applied acoustic

source pressure. In addition, although Rea values are found to be greater for the

column packed with larger beads, acoustically enhanced TCE dissolution is found to

be greater in the column packed with smaller glass beads. This is due to greater

TCE-water interfacial areas associated with smaller bead size column packings. The
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results of this study indicate that the use of acoustic pressure waves, complement-

ing traditional pump–and–treat methodology, may be a viable method to decrease

remediation times and costs for DNAPL contaminated aquifers.
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Chapter 5

ACOUSTICALLY ENHANCED

MULTICOMPONENT NAPL

GANGLIA DISSOLUTION

5.1 Theory

5.1.1 Multicomponent NAPL Dissolution

The aqueous phase concentration of each dissolving component of a NAPL mixture

is dependent on the equilibrium aqueous solubility of the individual component. The

equilibrium aqueous solubility, Cw
p [M/L3], of component p is defined as [Broholm

and Feenstra, 1995]:

Cw
p (t) = Csp Xp(t) γp(Xp) (5.1)

where Cs is the pure component saturation concentration (solubility) [M/L3]; Xp is

the dimensionless mole fraction of component p in the nonaqueous phase [-]; and γp

is the dimensionless activity coefficient of component p in the nonaqueous phase [-].

The activity coefficient is a correction term indicating the nonideality of a solution

[Schwarzenbach et al., 1993]. The higher the deviation of activity coefficients from
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unity, the greater the degree of nonideality of a solution. For a NAPL mixture

containing components of similar structure the nonaqueous phase activity coefficients

can be approximated equal to one (γp � 1). For the special case of an ideal solution

γp = 1 and equation (5.1) reduces to Raoult’s law [Banerjee, 1984]:

Cw
p (t) = CspXp(t). (5.2)

The nonaqueous phase activity coefficient of nonideal liquid mixtures can be estimated

using the UNIFAC (UNI-Functional group Activity Coefficients) method. UNIFAC

was initially developed by Fredenslund et al. [1975] for chemical engineering ap-

plications associated with activity coefficient estimations in organic mixtures where

limited or no experimental data are available and has since been improved several

times [Fredenslund et al., 1977; Skjold-Jørgensen et al., 1979; Gmehling et al., 1982;

Macedo et al., 1983; Tiegs et al., 1987; Hansen et al., 1991]. UNIFAC is based on the

solution of groups concept, which does not consider a liquid mixture as a solution of

molecules, but as a solution of groups (e.g., methylene, nitro, keto, amino, carboxyl).

The advantage of this method is that the activity coefficients can be estimated for

practically any organic molecule provided that the molecule consists of structural

groups for which parameters are available.

5.1.2 Acoustic Pressure Waves in Porous Media

Acoustic waves travel in porous media by the propagation of small scale dilatations

of the porous matrix. Acoustic pressure waves in porous media are considered elastic

waves because the resulting strain on the solid matrix is reversible within the elastic

limit of the porous medium. An elastic wave in water saturated porous media consists

of a fast wave where the interstitial fluid and porous matrix move in phase and a slow

wave where the interstitial fluid and porous matrix move out of phase. It should be

noted that oscillatory flow of the interstitial fluid with respect to the porous medium

occurs because the interstitial fluid and the porous matrix are moving out of phase

in a slow wave [Biot, 1956a]. It has been reported in the literature that the friction
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factor between the interstitial fluid and pore walls increases with increasing frequency

of the elastic wave [Biot, 1956b]; the effective viscosity of the interstitial fluid increases

with increasing acoustic frequency [Qian, 1998]; the permeability of a porous medium

decreases with increasing elastic wave frequency [Zhou and Sheng, 1989]; and that

vibration of porous media can mobilize NAPL ganglia [Reddi and Wu, 1996; Reddi

et al., 1998].

Based on the work by de Boer et al. [1993] on acoustic wave propagation through

one-dimensional, semi-infinite, water saturated, incompressible porous media, assum-

ing that there is no initial displacement or velocity for the interstitial fluid and solid

matrix, the appropriate mathematical expressions describing the solid and fluid dis-

placement caused by an acoustic pressure source can be derived as follows:

ξs(x, t) =
(θ − 1)

Ω
1/2
1 (λ + 2µ)

∫ t

0
Φ(τ)dτ, (5.3)

ξf (x, t) =
(1− θ)2

Ω
1/2
1 θ(λ + 2µ)

∫ t

0
Φ(τ)dτ, (5.4)

where

Φ(τ) = f(t− τ) exp
[
− Ω2

2Ω1

τ
]
I0

[
Ω2(τ

2 − Ω1x
2)1/2

2Ω1

]
H(τ − Ω

1/2
1 x), (5.5)

Ω1 =
(1− θ)2ρf + θ2ρs

(λ + 2µ)θ2
, (5.6)

Ω2 =
S

(λ + 2µ)θ2
, (5.7)

where ξs is the solid displacement [L]; ξf is the fluid displacement [L]; x is the spatial

coordinate in the direction of flow [L]; θ is the porosity of the porous medium (liquid

volume/porous medium volume) [L3/L3]; t is time [t]; ρs = (1 − θ)ρsolid is the solid

bulk density (where ρsolid is the solid density) [M/L3]; ρf = θρH2O is the fluid bulk

density (where ρH2O is the water density) [M/L3]; S = θ2γ/K is a function that

relates the extra stress due to the relative movement between the solid matrix and

interstitial fluid [L/t] (where γ is the specific weight of the fluid [F/L3]; and K is

the hydraulic conductivity of the porous medium [L/t]) [de Boer and Ehlers, 1990];

µ [F/L2] and λ [F/L2] are the solid matrix Lamé constants, representing the shear
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modulus and the bulk modulus less 2/3 of the shear modulus, respectively; I0 is

the modified Bessel function of zero order; H is the unit step function or Heaviside

function; and f(t) = f(t + T ) is a periodic, time dependent acoustic pressure source

function [F/L2] (where T is the period of oscillation [t]). Three different acoustic

source function shapes are examined in the present study, the sinusoidal function

defined as:

f(t) = ps sin(2πφt), (5.8)

the triangular function expressed as:

f(t) =




ps

(
2φt

π

)
0 ≤ t ≤ π

2φ
,

ps

(
2− 2φt

π

)
π

2φ
≤ t ≤ 3π

2φ
,

ps

(
2φt

π
− 4

)
3π

2φ
≤ t ≤ 2π

φ
,

(5.9)

and the square function given by:

f(t) =




ps 0 ≤ t ≤ π

φ
,

−ps
π

φ
≤ t ≤ 2π

φ
,

(5.10)

where ps is the acoustic source fluid pressure [F/L2]; and φ is the acoustic wave

frequency [1/t]. The period for all three acoustic source function shapes is set to

T = 2π/φ.

The fluid displacement relative to the solid displacement may be evaluated by the

following expression

ξr(x, t) = ξf (x, t)− ξs(x, t). (5.11)

Differentiating ξr [L] with respect to time yields the time and space dependent relative

fluid velocity

Ur(x, t) =
dξr(x, t)

dt
. (5.12)

Clearly, Ur [L/t] is oscillatory and depends on the acoustic pressure and frequency of

the acoustic source. It should be noted that in this study the experimental aqueous
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phase NAPL concentrations collected at various acoustic pressures are easily com-

pared as a function of the dimensionless acoustic Reynolds number, Rea [-], defined

as [Ha and Yavuzkurt, 1993]

Rea =
Urad

η
, (5.13)

where Ura [L/t] is the maximum value or amplitude of the oscillatory interstitial pore

water velocity over one period of oscillation (1/φ); d is the mean grain diameter of

the porous medium [L]; and η is the kinematic fluid viscosity [L2/t].

5.2 Materials and Methods

Multicomponent NAPL dissolution experiments were conducted in a 30 cm long glass

laboratory column with a 2.5 cm inner diameter (Kimble Kontes, New Jersey). The

column was packed with 1 mm diameter soda lime glass beads with density 2.33 g/cm3

(Fisher Scientific, Pennsylvania). The beads were retained in the column using teflon

screens and end caps on both the influent and effluent sides of the column. The

teflon column end caps were milled to accommodate 1/4 inch stainless steel fittings

(Swageloc) for 3/8 inch semi-rigid plastic tubing (Fisher Scientific, Pennsylvania).

Constant flow of degassed Millipore water at a rate of Q = 3.25 mL/min was main-

tained through the packed column with a microprocessor pump drive (Cole Palmer

Instrument Co., Illinois). Acoustic pressure was introduced into the column using

a custom designed acoustic cell attached to a pressure transducer (TST37; Clark

Sythesis, Colorado). The frequency of the acoustic pressure oscillation was controlled

by a frequency generator (LG Precision, California). Acoustic pressure levels were

controlled by an amplifier (Lab Gruppen, Sweden) and measured using PCB106b

pressure sensors (PCB Piezotronics, Inc., New York). One pressure sensor was in-

stalled in the acoustic cell to measure the acoustic source pressure. Another sensor

was placed in the effluent line, just after the packed column, to measure the effluent

pressure as close to the packed column as possible. Pressure sensor measurements

were made using a signal conditioner (PCB Piezotronics, Inc., New York) in addition
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Figure 5.1: Schematic illustration of the experimental setup.

to a digital multimeter (Metex, Korea) and an oscilloscope (EZ Digital Co., Ltd,

Korea). A schematic illustration of the experimental apparatus used in this study is

shown in Figure 5.1.

Effluent samples (0.15 mL) were collected from a dedicated needle within the effluent

tube (sample port) at regular 10 minute intervals using disposable 1.0 mL tuberculin

plastic syringes (Becton Dickinson & Co., New Jersey). The samples were imme-

diately introduced into 2 mL vials (Kimble Glass, New Jersey) containing a known

volume of n-pentane (Fisher Scientific, Pennsylvania). The aqueous phase NAPL

concentrations of the liquid samples were determined using a Hewlett Packard 5890

Series II gas chromatograph with an electron caption detector.
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Multicomponent DNAPL dissolution experiments were initiated by injecting 0.05 mL

of either Mixture A, a two-component mixture of TCE and 1,1,2-TCA, or Mixture B,

a three-component mixture of TCE, 1,1,2-TCA, and PCE (Fisher Scientific, Pennsyl-

vania) dyed with oil red EGN (Aldrich Chemical Co., Wisconsin) into a side injection

port in the middle of the packed column. Subsequently, the multicomponent NAPL

ganglia were allowed to equilibrate to flow conditions within the packed column. The

exact composition and properties of the two NAPL mixtures employed in this study

are listed in Table 5.1. To assess the effect of acoustic waves on multicomponent

NAPL dissolution, a range of acoustic frequencies and amplitudes were used. Fur-

thermore, the effects of acoustic wave source function shape (sinusoidal, triangular,

and square wave) on NAPL dissolution were also investigated.

5.3 Results and Discussion

The observed effluent dissolved concentrations from the dissolution experiments con-

ducted with NAPL mixtures A and B in the water saturated column packed with 1

mm glass beads are presented in Figure 5.2 together with the corresponding exper-

imental error indicated by the error bars. The shaded areas represent the duration

of sinusoidal acoustic pressure wave application with acoustic source fluid pressure

ps = 15.2 kPa and acoustic wave frequency φ = 275 Hz. The experimental data

indicate that in the presence of acoustic pressure waves the effluent concentrations

are increased considerably for both of the NAPL mixtures considered. The increase

in effluent concentrations is attributed to the presence of an oscillatory pore water

velocity caused by acoustic pressure waves. It should be noted that for mixture A

(Figure 5.2a) the effluent aqueous phase 1,1,2-TCA concentrations are observed to

be consistently greater than the TCE concentrations during the duration of the dis-

solution experiment with and without the presence of the acoustic pressure waves.

Similarly, for mixture B (Figure 5.2b) the effluent aqueous phase 1,1,2-TCA concen-

trations before and during the application of acoustic waves are greater than the TCE
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concentrations and PCE concentrations are the lowest. In view of the properties listed

in Table 5.1, the intuitive result is concluded that the effluent concentration level of

each component is directly proportional to its pure component saturation concentra-

tion (solubility limit). Furthermore, it should be noted that as soon as the acoustic

pressure waves are no longer present, the effluent concentration of each dissolved

NAPL component drops to a lower level than that observed prior to the applica-

tion of acoustic waves. Consequently, the observed NAPL dissolution enhancement is

mainly attributed to the oscillatory pore water velocity caused by the acoustic pres-

sure waves. Therefore, for the experimental conditions of this study, the possibility

of acoustic waves increasing the ganglia surface area can be eliminated.

Table 5.1: Composition and Relevant Properties of Multicomponent NAPL Mixtures

Initial Final
Component Mol wt C†s Density† X γ‡ X γ‡

(g/mole) (mg/L) (g/cm3)
Mixture A

TCE 131.4 1,100 1.46 0.516 1.225 0.719 1.096
1,1,2-TCA 133.4 4,400 1.44 0.484 1.124 0.281 1.354

Mixture B
TCE 131.4 1,100 1.46 0.337 1.091 0.323 0.994
1,1,2-TCA 133.4 4,400 1.44 0.318 1.359 0.060 2.467
PCE 165.8 150 1.62 0.345 1.176 0.617 1.012
† From Mackay et al. [1992]
‡ Estimated by UNIFAC

Based on the effluent concentrations collected for each ganglia dissolution experiment

conducted in this study under a constant volumetric flow rate through the packed

column of Q = 3.25 mL/min, the mass of each component progressively dissolving in

the aqueous phase can be estimated. For known initial masses and compositions of

the multicomponent NAPL mixtures A and B, the mole fractions, X, as a function of

time are determined. Subsequently, the time dependent activity coefficient, γ, of each

component is estimated using UNIFAC and the corresponding equilibrium aqueous

solubility, Cw, is evaluated from expression (5.1). Figure 5.3 illustrates the behavior
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Figure 5.2: Effluent dissolved concentrations for multicomponent NAPL (a) mixture
A consisiting of TCE (squares) and 1,1,2-TCA (circles), and (b) NAPL mixture B
consisting of TCE (squares), 1,1,2-TCA (circles), and PCE (triangles). The shaded
areas indicate the duration of acoustic wave application (here φ=275 Hz and ps=15.2
kPa for a sinusoidal acoustic wave). Error bars smaller than the symbols are not
presented.
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application. Solid, dashed, and dotted curves represent TCE, 1,1,2-TCA, and PCE,
respectively (here φ=275 Hz and ps=15.2 kPa for a sinusoidal acoustic wave).

of X, γ and Cw for a set of ganglia dissolution experiments with ganglia mixtures A

and B. The shaded areas represent the time period where sinusoidal acoustic waves are

applied to the packed column. Note that mixtures A and B cannot be considered ideal

solutions because all γ’s are consistently greater than one, and Cw values should be

evaluated by equation (5.1). The greatest changes in X, γ and Cw are associated with

the 1,1,2,-TCA component, that is the compound with the highest pure component

saturation concentration, Cs (see Table 5.1). Furthermore, the rate of change of X,

γ and Cw is shown to be more significant in the shaded pore volume intervals of

Figure 5.3 where acoustic waves are present. For the experimental data presented

in Figure 5.2, the initial and final compositions of mixtures A and B as well as the

corresponding γ values are also calculated and listed in Table 5.1.

The experimental results from the various multicomponent ganglia dissolution exper-

44



iments conducted in this study with mixtures A and B can be presented in a single

plot by expressing the experimental data as an average percent change in effluent

concentration defined by

∆C =
Ca − Cb

Cb

, (5.14)

where Ca is the effluent concentration collected in the presence of acoustic waves;

and Cb is the effluent concentration collected just prior to the application of acoustic

waves. The complete set of the experimental data collected for mixture A (multicom-

ponent ganglia consisting of TCE and 1,1,2-TCA), under a constant acoustic source

pressure amplitude of 15.2 kPa and a sinusoidal shape function, at early and late

stages of acoustic wave application are shown in Figures 5.4a and 5.4b, respectively.

Note that the data for each frequency considered represents a different ganglia disso-

lution experiment. Comparison of Figures 5.4a and 5.4b in connection to the results

of Figure 5.3 suggests that the effect of acoustic waves on ∆C is inversely proportional

to Cw. Therefore, dissolution enhancement due to acoustic pressure waves is greatest

for the NAPL component with the lowest equilibrium aqueous solubility (compare

Figures 5.4a and 5.4b). Figure 5.4c presents the observed effluent fluid pressure, pe

[F/L2], as a function of the acoustic wave frequency, φ. For different experiments pe

is not constant because it is significantly affected by the presence of standing waves

and the resonant frequency of the packed column. However, comparison of Figures

5.4a, 5.4b and 5.4c indicates that ∆C is directly correlated to φ.

The observed ∆C at early and late stages of acoustic wave application and pe as a

function of φ for the various experiments conducted with mixture B (multicomponent

ganglia consisting of TCE, 1,1,2-TCA and PCE), under a constant acoustic source

pressure amplitude of 15.2 kPa and a sinusoidal shape function, are shown in Figures

5.5a, 5.5b and 5.5c, respectively. Similar to the results for mixture A, ∆C is directly

proportional to pe and the greatest dissolution enhancement is associated with the

NAPL component having the smallest equilibrium aqueous solubility (compare Fig-

ures 5.5a and 5.5b). This is a significant result because components with very low

equilibrium aqueous solubility are the most difficult components to remove from a
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contaminated aquifer with traditional remediation procedures.

In order to examine the combined effect of φ and ps on NAPL ganglia dissolution, the

observed percent changes in effluent concentrations, ∆C, at early and late stages of

acoustic wave application as a function of Rea are presented in Figure 5.6a and 5.6b

for mixture A, and in Figure 5.6c and 5.6d for mixture B, respectively. The squares,

circles and triangles correspond to TCE, 1,1,2-TCA and PCE, respectively. Further-

more, the solid, dashed and dotted lines correspond to the best linear fits of the ∆C

values for TCE, 1,1,2-TCA and PCE, respectively. The Rea values are evaluated

using expression (5.13), where the parameter Ura is obtained by numerical approxi-

mation of the derivative dξr(x, t)/dt followed by determination of its maximum value

over a period of acoustic wave oscillation, 1/φ. The term ξr(x, t) is evaluated from

equation (5.11) with ξs(x, t) and ξf (x, t) provided by the theoretical expressions (5.3)

and (5.4), respectively. The integrals in equations (5.3) and (5.4) are evaluated nu-

merically using IMSL subroutine dqdag (IMSL, 1991). All parameter values necessary

for the evaluation of Rea are listed in Table 5.3. Clearly, for mixture A, Figures 5.6a

and 5.6b indicate that ∆C for both TCE and 1,1,2-TCA increases with increasing

Rea. Furthermore, the greatest ∆C increase with increasing Rea (slope of fitted ∆C

values) at the end of acoustic wave application corresponds to TCE, the component

with the smallest equilibrium aqueous solubility (see Figure 5.3). Similarly, for mix-

ture B, Figures 5.6c and 5.6d suggest that the dissolution rate of each component is

proportional to Rea or proportional to the acoustically induced oscillatory pore water

velocity, and that the highest dissolution rate at the end of acoustic wave applica-

tion is associated with PCE, the component with the smallest equilibrium aqueous

solubility (see Figure 5.3).

The effect of the acoustic source function shape on ganglia dissolution is examined by

conducting experiments with sinusoidal, triangular, and square acoustic wave source

function shapes. The three acoustic wave shapes employed are plotted in Figure 5.7

using mathematical expressions (5.8)-(5.10) for acoustic wave frequency φ = 1 Hz,

acoustic source fluid pressure ps = 1 Pa and period of oscillation T = 2π/φ. The
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Table 5.2: Physical Properties of the Water Saturated Packed Column at 20 ◦C

Parameter Value
d 1.0 mm
K 6.158×10−2 m/s
γ 1.0× 105 N/m3

η 1.0037× 10−6 m2/s
θ 0.40
λ† 5.5833× 106 N/m2

µ† 8.375× 106N/m2

ρf 400.0 Kg/m3

ρs 1398.0 Kg/m3

ρbead 2330.0 Kg/m3

ρH2O 1000.0 Kg/m3

† From de Boer et al. [1993]

observed pe and ∆C for the dissolution experiments with mixture A are presented in

Figure 5.8. The effluent fluid pressure for sinusoidal and triangular acoustic source

function shapes are approximately equal, but substantially lower than the effluent

fluid pressure for the square acoustic wave source function (see Figure 5.8a). The

percent increase in the aqueous phase TCE and 1,1,2-TCA effluent concentrations

is greatest in the presence of acoustic waves with square shape (see Figure 5.8b).

The square shaped acoustic waves lead to greater effluent fluid pressure and dissolved

NAPL concentrations due to their discontinuous and abrupt oscillation compared to

the continuous and smooth oscillation of the sinusoidal and triangular acoustic waves.
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Chapter 6

PORE SCALE DNAPL

DISSOLUTION and

MOBILIZATION

6.1 Ganglia Dissolution Theory

NAPL ganglia dissolution is caused mainly by mass transfer across the NAPL-water

interface. Assuming that the majority of NAPL ganglia interfaces are trapped at pore

constrictions within a porous medium, the mass transfer across these interfaces may

be described with the theory of a stagnant boundary layer in the aqueous phase [Held

and Celia, 2001]. With the NAPL ganglia interfaces located at pore constrictions, a

stagnant aqueous phase exists in the adjacent pore throats, where the pore throats

act as conduits for dissolved aqueous phase DNAPL mass transport and fluid flow

between pores. Imposing the aqueous equilibrium solubility constant at a NAPL-

water interface, the mass flux through the stagnant aqueous phase layer may be

expressed as [Held and Celia, 2001]
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Ji =
1

Ai

dmi

dt
= ki(Cs − Ci), (6.1)

where Ji is the mass flux from each NAPL-water interface i; Ai is the interfacial

area between the two fluid phases; mi is the total mass of dissolved NAPL in the

aqueous phase; ki is the local first-order mass transfer coefficient; Cs is the equilibrium

aqueous phase solubility of the DNAPL; and Ci is the aqueous phase concentration

of the dissolved NAPL in an adjacent pore i. The local mass transfer coefficient is

formulated from Fick’s law as

ki =
D
li

(6.2)

where D is the molecular diffusion coefficient in the aqueous phase; and li is the

diffusion length of the stagnant aqueous phase. With respect to an elementary volume

V of a porous medium, the macroscopic scale mass transfer can be derived from pore

scale information as [Held and Celia, 2001]

1

V

∑
i

[JiAi] =
1

V

∑
i

[D
li

(Cs − Ci)Ai

]
≡ Ke(Cs − C), (6.3)

where Ke is the effective mass transfer rate coefficient; and C is the average concen-

tration of an elementary volume.

6.1.1 Mobilization

The migration of NAPLs in porous media is a function of the NAPL source volume,

NAPL and aqueous phase saturation, and gravity. For the case of light NAPLs

(LNAPLs), like most petroleum hydrocarbons which are less dense than water, their

downward migration reaches a terminus at the water table. If sufficient source volume

exists, an LNAPL pool may form on the water table where its further movement will

be controlled by its own hydraulic gradient and the relative saturations of both water

and LNAPL at the water table and capillary fringe.

For denser than water nonaqueous phase liquids (DNAPLs), downward migration

may not be terminated at the water table. If sufficient source volume exists, enough
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DNAPL may accumulate on the water table until the air entry pressure is exceeded.

Once this condition is met, the DNAPL will continue its migration downward through

the saturated zone. This downward migration occurs as fingers or ganglia and will con-

tinue until the driving pressure gradient of the DNAPL ganglia is no longer sufficient

to displace pore water. When this occurs, the DNAPL ganglia becomes immobile.

At the terminus of the DNAPL ganglia there exists a curved interface between the

pore water and the DNAPL. This curved interface results in a pressure discontinuity

between the two immiscible fluids. The difference between the pressure in the DNAPL

(Po) and the water (Pw) is defined as the capillary pressure (Pc):

Pc = Po − Pw. (6.4)

The magnitude of Pc depends on the interface curvature and may be described by

the Laplace equation [Bear, 1972]:

Pc = γow

(
1

r1

+
1

r2

)
, (6.5)

where γow is the interfacial tension between the nonaqueous liquid and water, and r1

and r2 are the principle radii of curvature of the interface. There are several common

simplifications to (6.5) for interfaces in capillary tubes and square ducts. However, for

more complicated geometries, such as those contained in porous media, the capillary

pressure may be represented as [Scheidegger, 1960; Bear, 1972]:

Pc =
γow cos β

rH

, (6.6)

where β is the contact angle of the solid-liquid-liquid interface and rH is the hydraulic

radius of the capillary which is equivalent to the ratio of void volume to surface area

of the porous media. For the case of a porous medium composed of uniform diameter

spherical particles, the hydraulic radius may be defined as [Scheidegger, 1960; Dullien,

1979]:

rH =
θd

6(1− θ)
, (6.7)

where d is the mean particle diameter; and θ is the porosity of the porous medium.
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For an immobile DNAPL ganglia to be mobilized, the capillary pressure must be met

or exceeded. The conditions for mobilization have been summarized by Dawson and

Roberts [1997] as: (
ρH2Og

dhw

dz
+ ∆ρg

)
∆L ≥ ∆Pc, (6.8)

for downward displacement and

dPw

dx
∆L ≥ ∆Pc, (6.9)

for horizontal displacement where hw is the hydraulic head of water; ∆ρ is the dif-

ference in densities between the nonaqueous and water phase (∆ρ = ρo − ρH2O); g is

the acceleration due to gravity; x and z denote horizontal and vertical coordinates,

respectively; ∆L is the length of the DNAPL ganglia; and ∆Pc is the difference in

capillary pressure between the advancing and receeding interfaces (∆Pc = Pc1 − Pc2 ,

where the subscripts 1 and 2 denote the advancing and receeding interfaces, respec-

tively). In equations (6.8) and (6.9) ∆Pc represents the capillary pressure that must

be overcome in order to mobilize a DNAPL ganglia [Ng et al., 1977].

Generally, due to the difficulty in determining the necessary parameters for (6.8)

and (6.9), especially when performing experiments where most of these parameters

are difficult if not impossible to measure, mobilization criteria are presented by the

dimensionless capillary number, Ca, and bond number, B. The bond number is the

ratio of buoyant to capillary forces and is defined as:

B =
∆ρg(k/θ)

γow cos β
, (6.10)

where k is the intrinsic permeability of the porous medium. For horizontal displace-

ment, only the capillary number, which is the ratio of viscous to capillary forces, is

required. The capillary number is defined as:

Ca =
Uu

γow cos β
, (6.11)

where U is the average interstitial pore water velocity; and u is the dynamic water

viscosity.
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It has been shown that ganglia mobilization is highly dependent on Ca. For example,

Hinkley et al. [1987] performed ganglia mobilization experiments in a monolayer of

glass beads. They observed the that in a 45 degree square pack of soda lime glass beads

ganglia mobilization only occurs after a fluid specific Ca, dependent on nonaqueous

phase interfacial tension and contact angle, is exceeded; once in motion, the ganglia

tend to align themselves with the overall flow direction and when confronted with a

bifurcation they continue a regular zig-zag motion; and with increasing Ca bifurcation

occurs and the ganglia begin to break up into many individual singlets. This formation

of NAPL singlets is referred to as dynamic breakup [Payatakes, 1982].

6.2 Monolayer Design

To determine the effect of acoustic waves on DNAPL ganglia dissolution and mobi-

lization, a two-dimensional monolayer of 3 mm diameter soda lime glass beads (Fisher

Scientific, Pennsylvania) was employed. Although etched glass pore models or micro-

models have been effectively used to study two–phase immiscible flow [Lenormand

and Zarcone, 1984], a monolayer of glass beads is employed in this work to closer

approximate the irregularities in fluid flow and DNAPL configuration in real porous

media. Experience gained from previous studies with micromodels [Chatzis, 1982;

Buckley, 1990; Li and Yortsos, 1995; Jia et al., 1999] was utilized in the design of the

monolayer used in the present study.

The monolayer of glass beads was constructed using a specially designed plexiglass

acoustic retaining device or base with attached alluminum bars to suspend and attach

the base to the acoustic source. A recess in the plexiglass retaining device allowed

space for the glass beads and two glass plates to enclose them on top and bottom.

The 1/4 inch borosilicate glass plates are surrounded by stainless steel retainers. The

stainless steel retainers were used to keep the bottom glass plate and beads in place

within the recess in the plexiglass base. It was also used to allow fluid and acoustic

pressure to enter the monolayer on the influent and effluent side of the monolayer.
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Another borosilicate glass plate is attached to the top of the beads and stainless steel

retainers to enclose the device. Holes were drilled through the top glass at 45◦, which

can be used as NAPL ganglia injection ports. The injection ports are sealed with

clear silicone sealant to make them water tight. The top glass plate is held in place

by a plexiglass retainer with a cut out center to allow for the top glass plate. A 1/16

inch thick santoprene sheet was used between the plexiglass retainer, cut out around

the top glass, and the monolayer base to make the monolayer water tight. Acoustic

pressure is delivered to the monolayer by a diaphram attached to the acoustic source

transducer.

Flow of degassed Millipore water was maintained through the monolayer with a micro-

processor pump drive (Cole Palmer Instrument Co., Illinois). Acoustic source pressure

was introduced into model using a pressure transducer (TST37; Clark Sythesis, Col-

orado). The frequency of acoustic pressure oscillation is controlled by a frequency

generator (LG Precision, California). Acoustic pressure levels are controlled by an

amplifier (Lab Gruppen, Sweden) and measured using two PCB106b pressure sensors

(PCB Piezotronics, Inc., New York). The pressure sensors were installed within the

monolayer on the influent and effluent side stainless steal bead and glass retainers.

Pressure sensor measurements are made using a signal conditioner (PCB Piezotronics,

Inc., New York) in addition to a digital multimeter (Metex, Korea) and oscilloscope

(EZ Digital Co., Ltd, Korea). A complete schematic of the experimental apparatus

is shown in Figure 6.1.

6.3 Acoustic Enhanced Dissolution

6.3.1 Experimental Procedures

DNAPL ganlia dissolution experiments were initiated by injecting 0.05 mL of tetra-

chloroethylene (PCE) (Fisher Scientific, Pennsylvania) dyed red with oil red EGN
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Figure 6.1: Monolayer experiment schematic.
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(Aldrich Chemical Co., Wisconsin) into the center injection port in the top plate of

the monolayer and allowed to equilibrate to flow conditions for a minumum of 20

pore volumes. To assess the effect of acoustic waves on PCE ganglia dissolution, a

range of acoustic frequencies and background volumetric fluid flow rates were applied

at intervals of 20 pore volumes following a 20 pore volume period of flow without

acoustic pressure (base case).

For each DNAPL ganglia dissolution experiment effluent samples were collected at

regular time intervals corresponding to 20 pore volumes. The samples were imme-

diately introduced into 2 mL vials (Kimble Glass, New Jersey) containing a known

volume of n-pentane (Fisher Scientific, Pennsylvania). The dissolved aqueous phase

PCE concentrations of the liquid samples were determined using a Hewlett Packard

5890 Series II gas chromatograph with an electron caption detector.

6.3.2 Enhanced Dissolution Results

Effects of flow rate on the effluent concentration in the absence and presence of

acoustic waves are shown in Figure 6.2a as open and closed circles, respectively. Each

data point in Figure 6.2a represents an individual experiment and it is the average

of 3 consecutive samples taken at approximately the same time, from the effluent

stream. The error bars indicate the experimental error evaluated as the standard

deviation of the averaged samples. The experimental data are also expressed as the

average percent change in the effluent concentration (Figure 6.2b) in order to clearly

present the results from the various PCE dissolution experiments conducted in this

study in a single plot. The average percent change is defined as:

∆C =
Ca − Cb

Cb

, (6.12)

where Ca is the average effluent concentration collected in the presence of acoustic

waves from each PCE dissolution experiment, and Cb is the average effluent concen-

tration collected in the absence of acoustic waves.
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Figure 6.2: The effect of the volumetric flow rate on the (a) average effluent base case
(open circles) and acoustic case (solid circles) concentrations compared to volumetric
flow rate and (b) its effect on ∆C. For the acoustic case constant φ = 125 Hz and
ps=3.68 kPa were used.

The experimental results presented in Figure 6.2a indicate that all effluent concentra-

tions measured in the absence and presence of acoustic waves are observed to slightly

decrease with increasing flow rate. The most pronounced decrease occurs between

approximately 3 to 4 mL/min, the lowest flow rates used. However, the effluent con-

centrations collected in the presence of acoustic waves are consistently greater than

the base case effluent concentrations. Figure 6.2b shows that ∆C due to the addition

of acoustic waves is consistently about 100%. However, the effect of increasing the

background volumetric flow rate on ∆C is essentially negligible for the flow rates

used in this study. Clearly, for the range of background flow rates used in this study,

the experimental data indicate that there is a significant PCE ganglia dissolution

enhancement. The observed ganglia dissolution enhancement is attributed to the os-

cillatory fluid velocity due to the addition of acoustic waves. This oscillatory fluid

velocity at the pore scale is probably changing the concentration gradient at the PCE

ganglia-water interfaces, the PCE molecular diffusion coefficient, the mass transfer

coefficient, or a combination of all three processes in order tocause the observed in-
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Figure 6.3: The effect of acoustic frequency φ on the (a) average effluent base case
(open circles) and acoustic case (solid circles) concentrations compared to volumetric
flow rate and (b) its effect on ∆C with constant ps = 3.68 kPa and background
volumetric flow rate Q = 4.96 mL/min.

creased effluent dissolved phase aqueous PCE concentrations shown in Figures 6.2a

and b.

The effect of acoustic wave frequency, φ, in the range of 75 to 225 Hz, on the effluent

concentration and ∆C for a constant source pressure ps = 3.68 kPa using a constant

background volumetric fluid flow of Q = 4.96 mL/min, is shown in Figure 6.3. The

average effluent dissolved PCE concentration in the absence of acoustic waves (open

circles) and for the case of acoustic waves (solid circles) compared to φ is presented in

Figure 6.3a. The greatest effluent concentraton due to the presence of acoustic waves

occurs at the lowest frequency used, φ = 75 Hz. For frequencies ranging from 125 to

225 Hz, the effluent dissolved phase PCE concentrations exhibit a minor increase with

increasing φ. Figure 6.3b shows that there is over a 300% increase in effluent PCE

concentrations for φ = 75 Hz. A minimum increase of 23% is observed at φ = 161

Hz. Note that ∆C is then observed to increase to approximately 76% at 225 Hz.

The maximum ∆C observed at the lowest frequency used for this work (φ = 75 Hz)

may potentially be attributed to the presence of the “slow wave,” where the fluid

within the pore space oscillates 180 degrees out of phase with the porous media bulk
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matrix [Biot, 1956a,b]. It has also been shown that lower frequency acoustic waves

are less attenuated in porous media due to lower frictional forces along the pore walls

[Biot, 1956a,b]. The effluent pressure recorded for the experiment at φ = 75 Hz,

with a constant acoustic source pressure amplitude of ps = 3.68 kPa, was 2.95 kPa.

This effluent pressure pe is approximately 3 times greater than the pe recorded for

the experiments using different frequencies. The effluent pressure recordings are an

indication of the acoustic wave attenuation. With the greatest pe occuring for the

lowest frequency, which is in agreement with the work by Biot [1956a,b], it is infered

that the oscillatory pore water velocity must also be the greatest for low frequencies,

also in agreement with Biot [1956a,b], and responsible for the greatest observed ∆C

(Figure 6.3).

6.3.3 Pore Network Model

The glass beads in the monolayer experimental apparatus can be represented as a

hexagonal latice pore network model. Consequently, effective mass transfer coef-

ficients and the associated dissolution enhancement due to acoustic waves may be

modeled. Using a simplified advective transport model based on the models used

by Held and Celia [2001] and Jia et al. [1999], volumetric fluid flow and dissolved

aqueous phase PCE concentrations are determined by

1

Vi

∆Ci

∆t
=

∑
j

[Gi,j∆pi,jCi,j] +
∑
j

[JjAj] , (6.13)

where Vi denotes the pore volume i; ∆Ci is the change in concentration at pore i

per change in time ∆t; ∆pi,j is the difference in pore fluid pressures in the pores j

surrounding pore i; and Gi,j is the conductance of a pore throat connecting pores j

to pore i defined using a shape factor or dimensionless hydraulic radius as [Patzek

and Silin, 2001]

Gi,j =
3

5

A3
p

ull2p
, (6.14)

63



where Ap is the cross sectional area of a pore throat connecting two pore spaces; u is

dynamic fluid viscosity; l is the separaton distance between two pores included in the

conductance term for convenience; and lp is the perimeter of a pore throat connecting

two pore spaces. Because the hydraulic resistance to flow is mostly in the pore

throats connecting pores and considering real pore bodies and throats of complex and

variable cross sections, the throats are approximated as cylindrical ducts (noncircular

capillaries) of constant but arbitrary cross-section [Patzek and Silin, 2001]. For the

network model used in this work representing the glass bead monolayer, l, lp, and Ap

are considered constant for all pores and pore throats. Parameter values used in the

network model are given in Table 6.1.

Table 6.1: Network Model Parameters

Parameter Values
Ap† 2.73× 10−2 cm2

l† 0.173 cm
lp† 0.423 cm
u‡ 8.90× 10−3 g/cm s

† for 3 mm beads
‡ for water at 20 ◦C

The network model is composed of Nx = 36 pores in the direction of flow and Ny = 29

pores wide. The volumetric flow rate Qi,j through the hexagonal lattice representation

of the pores of the monolayer is defined as

Qi,j =
∑
j

Gi,j∆pi,j = 0. (6.15)

The transport of dissolved aqueous phase PCE, originating from an immobile gan-

glion, through the network is determined by solving (6.13) and using (6.15). The mass

flux of PCE across the individual PCE ganglia-water interfaces is given by (6.3). The

interest of this work is to determine the effect of acoustic pressure waves on the disso-

lution of PCE ganglia, experimentally represented by the change in effluent dissolved

aqueous phase PCE concentrations in the presence of acoustic pressure waves. The

64



0.0

0.5

1.0

1.5

2.0

C
 (

m
g/

L)

0 1 2 3 4 5 6 7 8

Ke (10-3/sec)

( a )

0

5

10

15

20

25

30

K
e 

(1
0-

3 /
se

c)

75 100 125 150 175 200 225

φ (Hz)

( b )

Figure 6.4: Network model (a) C shown by open circles compared to Ke where the
line represents a least squares best polynomial fit and (b) Ke values corresponding to
base case (open circles) and acoustic case C (solid circles) for φ=75 to 225 Hz.

effective mass transfer coefficient Ke defined in (??) is therefore considered to be

dependent on local concentration gradients at the pore scale for this work. This over-

all time independent effective mass transfer coefficient is then used to determine the

effluent concentration from the network model. To reproduce the effluent dissolved

PCE concentrations for the case of constant Q = 4.96 mL/min observed in the ex-

perimental results (Figure 6.3), the network model was calibrated to the set flow rate

and Ke was varied to produce a relationship between Ke and C, shown in Figure 6.4.

Figure 6.4a shows good agreement between the best fit polynomial line (C = −2.99Ke+

0.45Ke) and the numerical results from the network model. In Figure 6.4b, the Ke

is clearly shown to be greater for the case of acoustic pressure compared to the base

case. Moreover, the maximum increase in Ke occurs for the lower frequency similar

to the maximum ∆C being the greatest for the 75 Hz wave (Figure 6.3b).
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6.4 Acoustic Enhanced Mobilization

6.4.1 Experimental Procedures for Mobilization

The effect of acoustic waves on the mobilization of PCE ganglia is investigated by con-

ducting experiments using the glass bead monolayer as in the dissolution experiments

with the same equipment controlling fluid flow rates, acoustic pressure, and pressure

recording. Experimental observations are made using a digital camera (Olympus

C2500L, Melville, New York) with a combination of macro lenses.

Mobilization experiments of PCE ganglia are conducted by first injecting approxi-

mately 0.05 mL of PCE dyed red with oil red EGN into a center injection port in the

top plate of the monolayer. After the initial PCE ganglia configuration is recorded,

the flow rate is incrementally increased until ganglia mobilization is achieved in the

absence of acoustic pressure (base case). When mobilization is achieved in the absence

of acoustic waves, the fluid flow rate is discontinued and the new ganglia configuration

is recorded. Acoustic pressure is then applied using a frequency φ = 125 Hz and the

flow rate incrementally increased until mobilization is again achieved. This process

is repeated for a range of acoustic source pressures ps and flow rates until the ganglia

are completely mobilized and exit the monolayer.

The fluid flow rate responsible for mobilizing the PCE ganglia in the presence of

acoustic waves is compared to the fluid flow rate that mobilizes the ganglia in the

absence of acoustic pressure using the Capillary number Ca defined by (6.11). The

parameters used to determine the respective Ca are: U which is determined by di-

viding Q by the cross sectional area to flow of the glass bead monolayer (1.35 cm2)

and its porosity (0.39); the dynamic fluid viscosity u =1.0019 cp; and the contact

angle β, which is set to be equal to unity. The capillary pressure Pc calculated for an

arbitrary PCE-water interface using (6.6) and (6.7), with γow=44.4 dynes/cm [Mercer

and Cohen, 1990] and rH = 3.23× 10−2 cm, is 137.38 Pa.
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6.4.2 Enhanced Mobilization Results

Figure 6.5 shows the evolution of a 12 pore PCE ganglion for the case of acoustic

pressure waves and that of no acoustic pressure where the background fluid flow

direction is from left to right. The initial ganglion configuration is shown in Figure

6.5a. After the ganglion was emplaced the flow rate was increased until mobilization

was achieved at Ca = 9.44× 10−3 in the absence of acoustic pressure (Figure 6.5b).

Acoustic pressure was applied with an acoustic source pressure amplitude ps=7.35

kPa and Q was incrementally increased until mobilization was attained. Figure 6.5c

shows the ganglion to begin to split into two separate ganglia at ps=7.35 kPa and

Ca = 7.00 × 10−3, which is lower than the Ca required for mobilization in Figure

6.5b. After the ganlion split into two separate ganglia, the acoustic pressure was

discontinued and Q was increased to cause mobilization. Mobilization was unable

to be observed for the highest Ca = 1.16 × 10−2 used without the use of acoustic

pressure (Figure 6.5d). Acoustic pressure was again employed with ps=11.03 kPa

and Ca = 7.31 × 10−3. Initially, no mobilization occured; however, the larger of the

two ganglia was observed to shrink in length (Figure 6.5e). Soon after, the larger of

the two ganglia split again and become mobilized for the same ps and Ca (Figure

6.5f).

An additional PCE gangia mobilization experiment was conducted using an 18 pore

ganglion to determine the effects of acoustic waves on a larger size ganglion. Figure

6.6 shows the gangion evolution for a range of ps and Ca. The initial ganglion con-

figuration is shown in Figure 6.6a. In the absence of acoustic waves, mobilization is

achieved at Ca = 1.15 × 10−2 (Figure 6.6b). The background flow was then discon-

tinued and acoustic pressure added. Figures 6.6c and d show that no mobilization

is achieved for a ps = 4.13 kPa and a range of Ca from 1.87 × 10−4 to 1.17 × 10−2,

respectively. It should be noted that Ca = 1.17× 10−2 is the greatest Ca value pos-

sible for the experimental equipment used in this study. Keeping the Ca constant,

the ps was then increased to 13.79 kPa again resulting in no observable mobilization

(Figure 6.6e). Figure 6.6f shows the evolution of the ganglia to begin to thicken at
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Figure 6.5: Evolution of PCE ganglia for (a) initial configuration where ps = 0.0
kPa, (b) mobilization at ps = 0.0 kPa and Ca = 9.44 × 10−3, (c) ps = 7.35 kPa and
Ca = 7.00 × 10−3, (d) ps = 0.0 kPa and Ca = 1.16 × 10−2, (e) ps = 11.03 kPa and
Ca = 7.31× 10−3, and (f) ps = 11.03 kPa and Ca = 7.31× 10−3.

the down gradient side (right) for the same Ca but with a greater ps of 22.98 kPa.

Figure 6.6g for a ps = 39.07 kPa and a reduced Ca = 1.02× 10−2 shows thinning of

the ganglion at the down gradient side. The ganglion was then observed to become

mobilized and move as a complete “blob” with the background fluid flow in Figure

6.6h, for the same ps but an increased Ca = 1.05× 10−2.

Figure 6.7 shows a close up view of the mobilized ganglion evolution from Figure 6.6h.

There is minor difference between the ganglion configuration between Figures 6.7a

and b, however, Figure 6.6c shows the gangion to invade neighboring downgradient

pores. Figure 6.7d shows the ganglion to continue to invade downgradient pores but

also begin to shrink three pores from the down gradient edge. This thinning continues,
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shown in Figure 6.7d, resulting in the ganglion splitting. Rapid mobilization is then

observed to occur for the downgradient ganglion and is shown in Figure 6.7f.

6.5 Summary

The effect of acoustic pressure waves on PCE ganglia dissolution and mobilization

in a monolayer of glass beads is investigated. The effluent dissolved aqueous PCE

concentration is observed to increase in the presence of acoustic waves compared

to the case with no acoustic waves. Increasing the background fluid flow rates did

not have a significant effect on dissolution enhancement caused by the addition of

acoustic waves. The greatest dissolution enhancement, occurs at the lowest φ used

in this study (75 Hz). A pore network numerical model is used to estimate Ke under

various conditions. It was shown that Ke for the case where acoustic waves are present

is at a maximum at low φ but it is consistently greater than the estimated Ke in the

absence of acoustic waves. The enhanced ∆C and Ke for the dissolution and pore

network experiments is attributed to an oscillatory pore water velocity component

caused by the presence of acoustic waves.

Mobilization experiments show that PCE ganglia are mobilized at lower flow rates

and associated Ca compared to base case mobilization experiments. Larger PCE gan-

glia are mobilized at lower Ca. The addition of acoustic waves also contributes to the

splitting of ganglia into smaller discontinuous ganglia. The PCE ganglia, immobile for

the largest Ca possible for these experiments, were mobilized after acoustic pressure

waves were added causing Pc to be exceeded. The results of this research suggests

that the addition of acoustic waves may reduce remediation times if employed as a re-

mediation method. Furthermore, acoustic waves may be used to mobilize as well as to

split DNAPL ganglia into smaller individual discontinuous ganglia. Ganglia splitting

is beneficial in aquifer remediation applications because the DNAPL-water interfacial

areas are increased and subsequent dissolution rates are greater. Overall, the com-

bined use of acoustic waves and traditional pump-and-treat methods may reduce the
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times and associated costs of remediating sites contaminated with DNAPLs.

70



(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6.6: Evolution of PCE ganglia for (a) initial configuration where ps = 0.0
kPa, (b) mobilization at ps = 0.0 kPa and Ca = 1.15 × 10−2, (c) ps = 4.13 kPa and
Ca = 1.87× 10−4, (d) ps = 4.13 kPa and Ca = 1.17× 10−2, (e) ps = 13.79 kPa and
Ca = 1.17× 10−2, and (f) ps = 22.98 kPa and Ca = 1.17× 10−2, (g) ps = 39.07 kPa
and Ca = 1.02× 10−2, and (h) ps = 39.07 kPa and Ca = 1.05× 10−2.
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Figure 6.7: Continuation and close up of PCE ganglia evolution at ps = 39.07 kPa
and Ca = 1.05× 10−2.

72



Chapter 7

SUMMARY and FUTURE

RESEARCH

7.1 Summary and Conclusions

The use of acoustic waves in the remediation of aquifers contaminated with DNAPLs

was examined. In order to ascertain the effect of acoustic waves on the dissolved phase

transport in water saturated porous media, Br− tracer experiments were conducted.

The tracer experiment was conducted in a water saturated column filled with glass

beads of uniform diameter, where the acoustic waves were applied at a constant

acoustic pressure amplitude but a range of frequencies. A one-dimensional form of

the advection dispersion equation, representing the mass transport of dissolved mass

from a slug injection used in the column experiments, was solved analytically. The

analytical soultion was used in a non-linear least squares fitting routine, written to

fit the effluent Br− concentrations from the column experiments. The fitting routine

was first employed to estimate the dispersivity of the packed column and the steady

state background interstitial fluid velocity for the case of no acoustic waves. Once the

background interstitial velocity and dispersivity was determined, the fitting routine

was used to determine the effective interstitial fluid velocity of dissolved Br− for
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effluent column concentrations in the presence of acoustic waves, using a fixed value

of dispersivity. The effective interstitial fluid velocity, attributed to the presence

of acoustic waves, was found to be inversely proportional to frequency. An acoustic

frequency producing a maximum effective interstitial fluid velocity could not be found

due to experimental equipment limitations in the low frequency range.

The effect of acoustic pressure waves on TCE ganglia dissolution in a water saturated

glass bead packed column was investigated both experimentally and theoretically. A

mathematical model was developed to depict the motion of the porous media and

the interstitial pore water in response to an acoustic pressure source. The math-

ematical model was solved as an eigenvalue problem using the method of Laplace

transforms. Using the solution for the solid and fluid motion, an oscillatory relative

velocity for the interstitial pore fluid was determined. The oscillatory relative inter-

stitial fluid velocity was then used in determining the acoustic Reynolds number to

compare dissolution experiments using different frequencies and influent fluid pres-

sures. The acoustic Reynolds number was found to decrease with increasing distance

from the acoustic pressure source and reach an assymptotic value with increasing

frequency. The acoustic Reynolds number was also found to increase linearly with

increasing acoustic source fluid pressure amplitude. The effluent dissolved phase TCE

concentrations in the presence of acoustic pressure waves, from the column dissolu-

tion experiments, were observed to be over 100% higher due to the addition of the

oscillatory pore water velocity caused by the presence of acoustic waves than without

acoustic waves. The increase in effluent TCE concentration was also found to be

proportional to the applied acoustic source pressure amplitude. Acoustic Reynolds

numbers, determined for the dissolution experiments, were found to be higher for the

case when the column was packed with larger glass beads. However, the increase in

effluent TCE concentration was observed to be greater for the case of the column

packed with smaller diameter glass beads. This is attributed to greater TCE-water

interfacial areas associated with smaller diameter bead column packing.

The impact of acoustic pressure waves on multicomponent nonaqueous phase liquid
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(NAPL) ganglia dissolution in water saturated columns packed with glass beads was

investigated. Nonideal multicomponent ganglia liquid mixture aqueous phase sol-

ubilities were accounted for by determining nonaqueous phase activity coefficients.

Laboratory data from dissolution experiments with two and three component NAPL

mixtures composed of either TCE and 1,1,2-TCA or TCE, 1,1,2-TCA, and PCE,

show that acoustic waves significantly enhance ganglia dissolution due to the oscil-

latory interstitial water velocity caused by the acoustic waves. The data collected

also indicate that dissolution enhancement is directly proportional to the acoustic

wave frequency. Furthermore, it was demonstrated that the greatest dissolution en-

hancement in the presence of acoustic waves is associated with the NAPL component

having the smallest equilibrium aqueous solubility. Finally, square shaped acoustic

waves were shown to lead to greater NAPL dissolution enhancement compared to

sinusoidal and triangular acoustic waves.

The pore scale effects of acoustic waves on DNAPL dissolution was investigated by

conducting PCE ganglia dissolution and mobilization experiments in a monolayer of

glass beads. A pore network model was also developed to determine the effective mass

transfer coefficient for dissolution experiments conducted without acoustic pressure

waves and the mass transfer enhancement due to the presence of acoustic waves.

Increasing background volumetric fluid flow for PCE ganglia dissolution experiments

conducted at a constant acoustic frequency and source pressure amplitude was found

to have a negligable effect on the change in effluent dissolved phase PCE concentration

due to the addition of acoustic waves. Overall, the percent change in efluent dissolved

phase PCE concentration was shown to be approximately 100% for all flow rates used.

The effluent dissolve phase PCE concentration was found to be the greatest at the

lowest acoustic wave frequency used (75 Hz). Effective mass transfer coefficients,

determined for PCE ganglia dissolution experiments conducted in the monolayer for

a range of frequencies, was also found to be a maximum at low frequencies similar to

results of effluent dissolved phase PCE concentrations over the same frequency range.

The enhanced percent change in effluent concentration and effective mass transfer
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coefficient is attributed to an oscillatory pore water velocity component caused by the

presence of acoustic waves. PCE ganglia mobilization experiments show that ganglia

are mobilized at lower flow rates and associated Ca for the case of acoustic pressure

waves compared to base case mobilization experiments. The addition of acoustic

waves also enhances the splitting of ganglia into smaller discontinuous ganglia.

The results presented in this dissertation demonstrated that the use of acoustic waves

enhance mass transport and increase the effective interstitial fluid velocity in water

saturated porous media. The enhancement of DNAPL dissolution, both multicom-

ponent and single component, due to addition of acoustic waves suggest that acous-

tic waves may be a viable method of remediation for aquifers contaminated with

DNAPLs. The mobilization and break up of PCE ganglia demonstates the benefits

of applying acoustic waves to DNAPL contaminated sites is two-fold. Mobilization

and subsequent recovery may be possible in addition to increasing the DNAPL-water

interfacial areas that will enhance dissolution. The combined use of acoustic waves

and traditional pump-and-treat technology may therefore be a cost and time effective

method to remediate aquifers contaminated with DNAPLs.

7.2 Recommended Future Research

The enhanced mass transport and effective interstitial fluid velocity presented in

Chapter 3 can be extended to real homogeneous and heterogenous real porous media,

such as well to poorly sorted sands. Using different equipment to provide lower

frequency acoustic waves will also enable the characteristic frequency, that results in

a maximum effective interstitial fluid velocity for frequencies greater than the zero,

to be determined.

The work presented in Chapter 4 can be improved by further developing mathematical

models that describe the resonance frequencies observed as peaks in the effluent fluid

pressures. This will enable better correlations to be determined between the acoustic

Reynolds number and the enhanced TCE dissolution.
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Enhanced multicomponent DNAPL ganglia dissolution, presented in Chapter 5 may

be further investigated by using a solid organic contaminate where the volume and

interfacial areas can be well defined. With a well defined interfacial area, mass transfer

correlations may be developed for given acoustic Reynolds numbers.

Pore scale DNAPL ganglia dissolution and mobilization due to the addition of acoustic

waves in Chapter 6 can be furthered by modifying the monolayer to a pore network.

A pore network will facilitate the measurement of interfacial areas and simplify the

mathematical description of the interstitial fluid flow. Moreover, the use of lattice-

Boltzmann modeling may enable the contribution of an oscillatory interstitial pore

fluid velocity due to acoustic pressure waves, on both mass transfer and ganglia

mobilization, to be further described in greater detail.
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